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Abstract

The finite deformation structures recorded in the Essakane area, located in the
northeast corner of Burkina Faso, highlight three major compressive deformation
phases, successively named D1, D2, and D3. The D1 event phase, trending NE-
SW, is characterised by P1 folds and S1 axial plane schistosity. The D2 phase
trending NW-SE is characterised by folds P2, schistosity (S2) and shear (C)
planes. And the D3 phase trending NNE-SSW to N-S is characterised by P3
folds, crenulation microfolds and S3 spaced schistosity. It has also been noted
that gold mineralizations are mainly hosted in quartz, carbonate, pyrite, and ar-
senopyrite veins. Structural interpretation indicates that these veins are orga-
nized into lenticular bodies that were formed during the first two deformation
phases (D1 and D2). This suggests a strong structural control typical of orogenic
gold concentrations.
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1. Introduction

The West African Craton is recognized as one of the world’s largest metallogenic
provinces, with abundant and various mineral resources [1], making it a major
focal point for exploration and mining. Among these various mineral resources,

gold has spurred the most intense exploration efforts due to its high value on the
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international market over the past decade. With over 1000 tonnes of estimated gold
reserves in 2017, West Africa represents the most productive Paleoproterozoic re-
gion for gold [2]. Numerous studies on West African gold mineralizations associ-
ate them with a Precambrian orogenic episode (orogenic gold), with predominantly
structural control [3]-[7]. These mineralizations are primarily found in Paleopro-
terozoic greenstone belts, with evidence of greenschist and/or amphibolite facies
metamorphism [4] [5] [8].

Burkina Faso, located at the heart of the West African Craton, hosts numerous
iconic gold mines, such as Essakane, Mana, and Houndé. These gold deposits are
located near major regional crustal structures, such as the Ouahigouya and Ban-
fora-Mana shear zones in the west [9] and the Markoye fault in the east. These major
crustal openings can extend several tens of kilometers on the surface and reach
depths of several hundred meters [10]-[12]. They played a critical role in the for-
mation of major deposits in Burkina Faso and may have served as primary conduits
for deep-source hydrothermal fluids. However, despite the influence of regional
structures [13], the distribution of gold deposits in the Birimian terrains of West
Africa remains quite irregular [14]-[17]. At the deposit scale, other critical metal-
logenic factors are generally considered, such as lithology, metamorphism, second-
ary structures (secondary shear zones, folds, tension gashes), and post-minerali-
zation remobilizations.

The Essakane gold mine, located in the northeast of Burkina Faso, at 330 km
from Ouagadougou, is the largest gold producer of Burkina Faso, with resources
exceeding 6 million ounces and in operation since 2010. This mine and its satellite
deposits offer a wealth of information accessible through mining pits and a large
amount of exploration drill cores. Thus, the site shows a unique opportunity for
detailed structural characterization, allowing the discussion of determining struc-
tural factors that control orogenic gold mineralizations in West Africa. This study
aims to improve paradigms on the formation mode of orogenic gold deposits and

serve as an exploration guide for mining companies.

2. Geological Context of the Study Area

The Essakane gold mine is located in the southern part of the Leo Shield, within
the Paleoproterozoic Birimian formations of the Baoulé-Mossi domain (Figure 1
and Figure 2). It is precisely located on a volcano-sedimentary belt known as the
Oudalan-Gourouol belt. In terms of lithostratigraphy, it is accepted that at the
base of this belt lie early birimian formations, which are unconformably overlain
by Birimian Sensu Stricto (S.S.) formations, dated between 2.15 and 1.8 Ga. The
early birimian formations are composed of gneisses, migmatites, amphibolites,
and leptynites [18]-[21]. The Birimian S.S. formations include a lower series
(Lower Birimian), consisting of basalts, gabbros, dolerites, regularly schistose
tuffs, and volcanic complexes. Overlying this lower series is an upper series (Up-
per Birimian) primarily composed of sequences of clastic sediments (polymictic

conglomerates, graywackes, siltstones, and argillites) intruded by mafic magmatic
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Figure 1. Simplified geological map of the Leo-Man Shield (modified from [15]).

dikes [20]-[23]. Authors such as [3] [4] [8] and [24] have identified Tarkwaian
formations within the Oudalan-Gourouol volcano-sedimentary belt, lying uncon-
formably on the birimian formations. These formations are mainly composed of
polymictic conglomerates and arkosic quartzites. However, according to the stud-
ies of [25] and [23], the sequence defined as Tarkwaian in the Oudalan-Gourouol
volcano-sedimentary belt, being lithologically similar to the Upper Birimian, is con-
sequently different from the known and defined Tarkwaian formations in Ghana
(3] [4] [26]-[29].

Two phases of deformation were defined by the works of [30] [31] and [23].
The first deformation phase (D1) is characterized by NE-SW-oriented crustal
shortening associated with the Tangaean orogeny (2170 to 2130 Ma), while the
second phase (D2), also marked by a period of progressive NW-SE-oriented
compression, is related to the Eburnean orogeny, which occurred between 2130
and 1980 Ma. The study area is bounded to the west by the Markoye fault (Figure
2). This fault has been interpreted in various ways over time in terms of its typol-
ogy and kinematics. Delfour and Jeambrun [19] attributed it to an east-dipping
thrust, while [3] [4] [8], as well as [32], considered it a west-dipping thrust. The
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Figure 2. Location of the Oudalan-Gourouol, Bouroum, Yalgo and Goren greenstone belts (modified from [23]).

BHP team, working on the Essakane project in the 1990s [33], characterized it as
a regional dextral strike-slip system, while [24] proposed a major sinistral shear
zone. These various interpretations deserve a closer examination of the kinematics
of the Markoye fault through structures observed in the field.

The volcanosedimentary formations of the Oudalan-Gourouol belt were affected
by regional metamorphism, predominantly in the greenschist facies and, more lo-
cally, in the amphibolite facies, in relation to the various phases of deformation.
The amphibolite facies assemblage is also observed around the granitic intrusions
[21] [23] [25].

3. Methodology
3.1. Structural Mapping

Our study began with the analysis of Ikonos panchromatic satellite images (Figure 3)
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Figure 3. Remote sensing data covering the study area: IKONOS satellite image.
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and aeromagnetic maps (analytical signal and first vertical derivative of the total
magnetic field reduced to the pole) (Figure 4), which provided a synoptic view of
several regional structures including mesoscopic folds and kilometer-scale fault
deduced by direct tracing of color contrasts. This analysis also guided the field
mapping towards potential outcropping areas. During this mapping, geographic
positions surveyed by GPS, and all structural measurements were recorded with a
Brunton compass using the right-hand rule method. In addition to these field data,
structural and lithological informations were measured on drill cores, collected on
the project area. The structural data (alpha/beta angles), gathered using goniom-
eter, were then converted into strike and dip using the Target software from Oasis
Montaj. Stereographic projections were then created using the Orient software.
The type of projection chosen was the lower hemisphere Schmidt projection, and

the number of data points was reported using the prefix “N”.

3.2. Geochemical Data

The geochemical data used come from several soil geochemistry campaigns con-
ducted by IAMGOLD, following a maximum grid spacing of 400 m x 100 m. The
samples were taken from rock using reverse circulation drilling. The gold analyses
of the samples were performed at BIGS Burkina laboratory by leaching with atomic
absorption spectrometry (AAS) finish. The data processing involved creating con-
tour maps by the minimum curvature method using the Oasis Montaj 8.5 soft-

ware.

4. Results
4.1. Structural Analysis

Regional folded structures are well highlighted through the interpretation of geo-
physical data coupled with field observations. These folds, with wavelengths rang-
ing from metric to kilometric scales, are clearly distinguishable between large shear
zones that border the east, west, and south of the study area (Figure 4). The associ-
ation of these folds with other identified structures allows them to be distinguished

into three main families.

4.1.1. P1 Fold, Axial Plane Cleavage S1, and Thrust Faults F1

The first family of folds (P1) (Figure 5 and Figure 6) is characterized by subverti-
cal axial planes striking NW-SE to NNW-SSE with subhorizontal fold axis. Along
these axial planes, a very discrete axial plane cleavage S1 develops locally, observed
mainly in the mining pit and trenches over the Essakane deposit. This family of
folds, with wavelengths ranging from hectometric to kilometric scales, is easily
observable in several locations: 1) in the Essakane pit (Figure 6(A) and Figure
6(B)); 2) 10 km north of the Essakane deposit near the village of Tin Zoumbara-
tan, where it is marked by a syncline-anticline succession with kilometric-scale
wavelengths (Figure 4); 3) 5 km southwest of Essakane near Tassiri, where it is

difficult to observe due to alluvial cover but can be easily interpreted from core

DOI: 10.4236/0jg.2024.149037

860 Open Journal of Geology


https://doi.org/10.4236/ojg.2024.149037

M. D. Valea et al.

0°7'0"E

KINA N
NIGER %
Kilorlneter
0 ; 5
/
“gOi; Legend
O Village
Fault
........ _ Lineament
E Essakane Pit
|:| Country border
]
0.494 |
0.091
0.032
0.015
0.007
0.002
-0.001

:0.004
0.007
0.009 [
0043
_____ 0.018%
0.021
0.028
0.037
0,058
0.077
4 -0.126

0.261
1,686
1VD

nT/m

14°22'0"N

0°7'0'E
Figure 4. Remote sensing data covering the study area: first vertical derivative of the total magnetic field reduced to
the pole, in color and shaded relief.
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Essakane 0

330

Figure 5. Schmidt orientation diagram (lower hemisphere) of the main D1 structures: (A) Bedding planes (S0) at the Essakane
anticline: mean fold axis: N329°/10°; (B) Bedding planes (S0) at the Tassiri anticline: mean fold axis: N147°/06°; (C) Bedding planes
(S0) at the folded structure of Tin Zoumbaratan: mean fold axis: N171°/31°; (D) Axial plane schistosity (S1) of the Essakane fold:
mean plane N352°/52°E.

drillings conducted in the area; 4) 14 km northeast near Bom Kodjélé, where it
is characterized by an asymmetric fold verging southwest, intersected by a thrust
fault dipping slightly eastward (Figure 4).

The geometry of the Essakane deposit, exposed in the pit, allowed for a more
detailed study of the tectonic structures associated with the P1 fold family. Thus,
this geometry corresponds to an asymmetric anticline verging westward, affected
by a system of thrust faults dipping eastward (Figure 6(A) and Figure 6(B)). Anal-
ysis of the orientation diagram of bedding planes measured at the Essakane pit
allows for the interpretation of an overturned fold with an average opening an-
gle of 56° (close fold according to [34]) and a plunging axis of 10° towards N329°
(Figure 5(A)).

The average attitude of the limbs is N321°/51°E for the eastern limb and
N153°/73°E for the western limb, and the axial plane is inclined 80° to the east. Thus,
all the geometric characteristics of this fold (P1) allow for the determination of an
average direction of maximum stress o1 at N059°-N239° (NE-SW).

The thrust faults (Figure 6(A) and Figure 6(B)) have an average orientation
of NW-SE (N322°, 48°E), very close to that of the stratigraphic layers on the
eastern limb. In the mining pit, these faults generally follow interbedded planes

in the sedimentary sequences or intersect them at a low angle with either the dip
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or the strike. The displacements observed on these faults appear to be minor, on
the order of a few meters at most. Two sets of NE-SW striking faults (perpendicular
to the main fold axis) with opposite dips are observed on the western wall of the
Essakane pit (Figure 5(C) and Figure 5(D)). These faults exhibit apparent dis-
placement characterized by reverse movements on subvertical tension veins co-

genetic with the Essakane fold. These faults would then fit perfectly into a second

phase of compression parallel to the axis of the Essakane fold (NW-SE) and gen-
erating the P2 folds.

SW

:

Bedding S0

NW (D

Figure 6. Deformation markers on the Essakane deposit: (A) Southeast view of the fold hinge (P1); (B) Interpretation of photo (A);
(C) West wall of the Essakane pit (view towards the southwest), with apparent displacement on the veins due to the action of conjugate

reverse faults; (D) Interpretation of photo (C).

4.1.2. P2 Fold, Cleavage S2, S2-C, and Shear Zone
e P2 Fold

The second family of folds (P2; Figure 7), highlighted in the field by the varia-
tion in dip directions, is characterized by axial planes striking NE-SW to NNE-SSW.
These planes host gently plunging fold axis towards the NE. These folded struc-
tures, at kilometric-scale, are also clearly observed from aeromagnetic images, no-
tably in Tin Taradat, and Gossey, towards the village of Markoye, and west of Bom
Kodjélé (Figure 4). Large deformation corridors extending over several kilome-
ters are associated with these P2 folds.
¢ Gossey-Korezina Shear Zone

The Gossey-Korezina deformation corridor, located to the west of the study
area, exhibits a main NNE-SSW direction. This corridor is marked by structural
discontinuities such as WNW-ESE striking faults generally filled by dolerite
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Figure 7. Schmidt orientation diagram (lower hemisphere) of bedding planes (S0) for: (A) Folded structure of Tin Taradat; calcu-
lated fold axis: N043°/47°; (B) Folded structure west of Bom Kodjélé; calculated fold axis: N024°/10°; ((C)~(E)) S2-C planes meas-
ured on the shear zone of Gossey-Korezina, Sokadie, and Bom Kodjélé, respectively.

dykes. It is also intersected by quartz veins with decametric thicknesses (Figure
8(A)) and directions ranging from N10° to N40°. These veins, which are sometimes
parallel to the shear corridor, exhibit a brecciated structure characterized by crushed
quartz within a siliceous cement. This could be evidence of the early nature of
these veins. The main deformation fabrics observed in this corridor are cleavage
(S2) and shear (C) planes, often merged (Figure 8(B)) and parallel to the bedding
(S0). Stereographic analysis of cleavage measurements, conducted both in the field
(Figure 7(C)) and more locally on oriented drill cores, yields an average orienta-
tion of N19°/72°E and N15°/65°E, respectively. The regolith cover makes bedding
measurements in the field very difficult, so that only the measurements collected
on oriented drill cores were considered. Their analysis gives an average orienta-
tion of N14°/66°E.

A more detailed zonal analysis of these planes (S0, S2-C) reveals a progressive
flexure in orientations, ranging from NNE-SSW with a mean dip of 60°E in the north
of the corridor, to NE-SW with sub-vertical dips towards the south.

In addition to this cleavage, other deformation structures can also be observed
in places, such as asymmetric boudinaged quartz veins, en echelon tension veins
(Figure 8(C)), sigmoidal clasts (Figure 8(D)), and metric wavelength isoclinal

folds with vertical axis and axial planes parallel to the deformation corridor. The
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Figure 8. Deformation markers in the Gossey-Korizena shear zone: (A) Quartz veins ori-
ented N20°E, observed within the shear zone; (B) Subvertical cleavage with a direction of
N34°E, observed in detrital metasediments within the deformation corridor; (C) Tension
veins with an average direction of N20°, arranged en echelon in lithic sandstone indicating
sinistral strike-slip shearing; (D) Sigmoidal clast within detrital metasediments (microcon-
glomerate) indicating reverse movement inclined eastward, on an oriented drill core (Hole
n°: KDDO0036 drilled at N108°/60°).

geometric characteristics of these structures suggest non-coaxial deformation char-
acterized by an NNE-SSW to NE-SW shear with a dominant reverse-sinistral com-
ponent and an eastward dip.

e Sokadie Shear Zone

The Sokadie shear zone, located south of the Essakane mine, borders the north-
ern contact of the Dori granite. This structure has an overall E-W direction, which
tends to curve southwards at its western end and northwards at its eastern end
(Figure 4). It is intersected by brecciated quartz veins characterized by crushed
quartz within a siliceous cement, identical to those observed along the Gossey-
Korezina shear zone. These veins are subvertical, with orientations ranging from
N80° to N110°.

The main deformation structures observed in this corridor are represented by
S2-C planes, which are very often merged (Figure 9(A)). These planes (S2 and C),
dipping slightly to the south, and are parallel to the bedding. Statistical analysis of
the schistosity planes, based on orientation diagrams, shows an average orientation
of N72°/57°S for measurements collected at outcrops (Figure 7(D)) and N81°/52°S
for measurements collected from oriented drill core. The bedding measurements
collected from oriented drill cores give an average orientation of N88°/55°S. The
relationship between the cleavage and shear planes (Figure 9(C) and Figure
9(D)), the asymmetrical appearance of microfolds observed on the oriented drill

cores, and the asymmetric pressure shadows around certain minerals (Figure 9(B))
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define a shear zone characterized by a dextral-normal movement in an E-W di-
rection.

A plan view observation of the NNE-SSW (Gossey-Korezina) and E-W (Sokadie)
striking shear corridors, which are respectively sinistral and dextral, suggests con-
temporaneity in their formation. These two corridors thus form a conjugate struc-

ture resulting from the same compression.

Orientation line
(Botom of the core)

Figure 9. Deformation markers in the Sokadie shear corridor: (A) C planes parallel to S
planes with an E-W orientation within mica schist; (B) Asymmetric pressure shadow
around pyrite within diorite, indicating normal movement on an oriented drill core (Hole
n°: SDD0032 drilled at N360°/60°); (C) C/S planes observed within detrital sedimentary
formation indicating dextral strike-slip shearing in an E-W direction; (D) Interpretation of
photo (C).

¢ Bom Kodjélé and Takabangou Shear Zones

The deformation corridor to the east of the study area is marked by a local offset
of dolerite dykes (Figure 4). The northern part (Takabangou structure) of this cor-
ridor appears to shift westward with a rotation of approximately 30°. The south-
ern part (Bom Kodjélé structure) is mainly oriented NNW-SSE to N-S, while the
Takabangou portion (northern part) has an NNE-SSW direction. On the Bom Ko-
djélé structure, the lithological formations observed are affected by penetrative
cleavage (S2-C) (Figure 10(A)). This cleavage is characterized by shear planes ap-
pearing occasionally subparallel to the rarely preserved bedding (S0) (Figure 10(B)).
The average orientation of the cleavage is N354°/41°E (Figure 7(E)). A more de-
tailed analysis indicates a change in the appearance of these structures on either
side of the fault. They transition from a strongly eastward-inclined N-S direction

to a more upright NNE-SSW direction, respectively to the east and west of the fault.
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The observation of boudinaged veins, slip striations (Figure 10(C) and Figure
10(D)), and the asymmetrical appearance of some microfolds indicate that the
Bom Kodjélé deformation corridor is an oblique N-S shear zone dipping eastward,

characterized by predominantly sinistral reverse movements.

Figure 10. Deformation markers in the Bom Kodjélé shear zone: (A) C plane parallel to S
plane (S2-C) with an N-S orientation within micaschist observed on the Bom Kodjélé shear
corridor; (B) S2 slaty cleavage transposed onto the bedding (S0) within detrital sedimentary
rocks south of Bom Kodjélé; (C) Boudinaged quartz veins, oriented NE-SW; (D) Slip stri-
ations observed on the Bom Kodjélé deformation corridor.

4.1.3. P3 Fold and Spaced Cleavage S3

A third family of folds (P3), more discreet, is very difficult to observe from airborne
magnetic images. However, field observations define folds characterized by axial
planes, oriented E-W carrying subvertical fold axis. They have a metric-scale wave-
length (Figure 11(A) and Figure 11(B)) and are associated with spaced cleavage
(S3) oriented N70° to N90°, characterized by crenulations and fractures with sinis-
tral micro-displacements (Figure 11(C) and Figure 11(D)). These folds are observed
very locally at the extreme east and west of the study area within volcanosedimen-

tary formations.

4.2. Gold Mineralization

Most of the gold occurrences in the study area were already known and exploited
by artisanal miners. Analysis of soil geochemistry data has highlighted several
gold anomalies, most of which are in line with the deformation structures of
various orders defined in the study area and include artisanal mining sites (Figure
12). These sectors with geochemical anomalies consistent with structural direc-

tions actually organize around the main deformation corridors described earlier,
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(=

Figure 11. Late deformation markers (D3): ((A) (B)) Metric-scale fold (P3) with E-W ori-
ented axial planes and subvertical fold axis; (C) Bom Kodjélé deformation corridor-ori-
ented N-S (S2) affected by crenulation cleavage (S3) oriented E-W with sinistral micro-dis-
placements; (D) Interpretation of a portion of photo (C).

in addition to the Falagountou deposit and those associated with folded structures.

4.2.1. Gold Mineralization Associated with the Gossey-Korezina Shear
Zone

The geochemical anomaly pattern perfectly circumscribes the Gossey-Korezina
shear corridor and appears to follow the limb of a more northern anticline at the
Tin Taradat prospect (Figure 12). The anomaly is more dispersed south of Kore-
zina and seems to follow the virgation induced by mafic intrusions. This shear
zone hosts the gold occurrences of Gossey-Korezina to the north and Gaigou to
the south. The Gossey-Korezina occurrence, as its name suggests, connects the
prospects of Gossey and Korezina and is located approximately 10 km northwest
of the Essakane mine. It is characterized by gold mineralization hosted by sub-
vertical linear and lenticular bodies, formed by stockworks of veins (millimetric
to centimetric) filled with quartz accompanied by varying amounts of carbonates,
sericite, chlorite, pyrite, and arsenopyrite. The mineralization follows a main di-
rection of N10°, with a secondary direction of N35°. It is hosted within a polygenic
microconglomeratic sandy sedimentary formation in contact with mafic to inter-

mediate intrusive rocks.

4.2.2. Gold Mineralization Associated with the Sokadie Shear Zone

The Sokadie occurrence is located approximately 13 km south of the Essakane
deposit and follows the E-W Sokadie shear zone (Figure 12). The gold mineral-
ized zone is characterized by cataclastic veins and hydrothermal breccias com-

posed of quartz accompanied by varying amounts of carbonate, pyrite, chlorite,
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Figure 12. Distribution of geochemical anomalies for gold based on the results of soil geochemistry sample anal-
yses (interpolation method: minimum curvature) on the Essakane SARL permits: P.EMZ: Main pit of Essakane,
P.F: Satellite pit of Falagountou, S.SZ: Sokadie Shear Zone, B-K.SZ: Bom Kodjélé Shear Zone, G-K.SZ: Gossey
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est concentrations and blue indicates the lowest concentrations of gold.
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tourmaline, sericite, and magnetite. These centimeter-thick veins are organized
into stockwork lenses ranging from decametric to hectometric size, hosted within
a highly deformed dioritic intrusive rock. These lenses have a main direction of
N80° and a secondary direction of N110°, with a steep southward dip.

4.2.3. Gold Mineralization Associated with the Bom Kodjélé Shear Zone
The Bom Kodjélé gold occurrence is located 14 km northeast of the Essakane deposit
at the extreme eastern part of the study area. It is hosted by the NNW-SSE to N-§
Bom Kodjélé shear zone and is perfectly highlighted by a geochemical anomaly
(Figure 12). The mineralization is found within highly deformed volcanosedimen-
tary rocks in contact with mafic to intermediate intrusive rocks. It is hosted by
quartz and quartz carbonates veins (centimetric to decimetric) of, which are brec-
ciated, ribboned, sheared, and sometimes boudinaged, with gold associated with py-
rite, arsenopyrite, and occasionally chlorite. These hydrothermal veins and brec-
cias have an average orientation of NNE-SSW (N30°) and are arranged en echelon
along the NNW-SSE reverse fault.

4.2.4. Falagountou Deposit

The Falagountou deposit, located 7 km east of the Essakane mine, is covered by
a thick layer of aeolian sand (approximately 15 m), which would have reduced its
surface geochemical signature if the soil geochemistry survey had not been con-
ducted with varying depths according to the thickness of the regolith (Figure 12).
The mineralization is primarily characterized by quartz veins accompanied by car-
bonates, chlorite, arsenopyrite, pyrite, and chalcopyrite, organized into stockworks
and located at the contact of mafic intrusions with equigranular to porphyritic
textures, with feldspar phenocrysts (porphyritic gabbro), and turbiditic sediments
(alternating sandstone, siltstone, and mudstone). Disseminated mineralization is
also observed in both the intrusion and the sediments crossed. The general orien-
tation of the mineralization is NNW-SSE (approximately N160°), with a slight dip

towards the east.

4.2.5. Essakane Deposit

The Essakane deposit is characterized by a stockwork of quartz and quartz-car-
bonate veins accompanied by varying amounts of arsenopyrite, pyrite, pyrrhotite,
and chlorite. These veins are hosted within a folded and faulted turbiditic se-
quence (faulted fold), showing an alternation of arenites and argillites. Gold is
observed in free form within the veins or associated with arsenopyrite at the vein
margins. Disseminated gold is also present in the host rock but at very low grades.
The competence contrast between fine-grained argillites and more brittle arenites
controls the orientation and continuity of the vein networks hosting the gold
mineralization. The most mineralized zones are primarily located where east
dipping thrust faults cross the fold hinge, as well as on the eastern limb of the
fold. The Essakane deposit’s stockwork comprises several vein families (Figure

13), with the main types being: 1) Laminated (sheared) veins and 2) tension veins
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ZTension veins

Laminated veins

Figure 13. Quartz veins observed in the Essakane Anticline: (A) Laminated vein (core photo); (B) View looking northwest of a

trench with bedding-parallel veins intersecting subvertical veins parallel and oblique to the main Essakane fold axis; (C) View look-

ing east of a wall in the Essakane pit with subvertical tension veins perpendicular to the fold axis; (D) Tension veins with massive

texture (core photo).

(axial, oblique, and transverse).
¢ Laminated Veins

Laminated veins parallel to the stratification are most commonly observed at the
boundary between two sedimentary units and within silt-clay units. These veins
consist in layers of quartz + carbonate + arsenopyrite veinlets alternating with
sheared host rocks (Figure 13(A)). They occur at all levels of the Essakane fold
(limbs and hinge) and can be observed either displacing or being displaced by
steeply dipping veins parallel to the fold axis (Figure 13(B)). The quartz in these
veins is distinctive due to its gray color. Gold grades in these veins are generally
low (<5 g/t).
¢ Tension Veins

Axial tension veins are parallel to the fold axis and arranged in a symmetrical
fan across the fold hinge, while transverse veins are subvertical and oriented
perpendicular to the fold axis. These veins are well developed in the less ductile
arenitic units. Both families of veins (axial and transverse) have been exten-
sively mined by artisanal miners due to the thickness of their walls and their
persistent direction. They appear white (Figure 13(C) and Figure 13(D)), in
contrast to the gray color of the laminated veins, and generally have the highest
gold grades, reaching up to 100 g/t. Shear joint systems (conjugate structures
formed from oblique fractures) consistently develop along the fold limbs. These
structures are less developed and therefore less likely to be conduits for hydro-
thermal fluids.
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5. Discussion

5.1. Different Phases of Deformation

The structural synthesis of the tectonic fabrics observed in the study area indicates
that it has undergone multiple compressive tectonic events (Table 1), with the first

two being perpendicular to each other.

Table 1. Structural scheme of the study area. TF: Thrust Fault; TAS: Tassiri; ESK: Essakane; BK: Bom Kodjélé.

Deformations Structures

D3, N-S shortening

Metric scale fold (P3),
Axial planes E-W with subvertical fold axis,
S3 subvertical in an E-W direction,
Minor sinistral displacement

D2, NW-SE shortening

Kilometric scale fold (P2),
Axial planes NNE-SSW and NE-SW
with subhorizontal fold axis,
Reverse-sinistral shear NNE-SSW and N-S,
Normal-dextral shear E-W, |
S2-C planes steeply dipping towards ESE, E, and S ~

R

Boudin It
S2-C

D1, NE-SW shortening

Hectometric to kilometric scale fold (P1),
Axial planes NW-SE and NNW-SSE
with subhorizontal fold axis,

S1, subvertical, very discrete,
Thrust fault NW-SE and NNW-SSE,
Tension veins NNE-SSW to NE-SW

The first phase of deformation (D1), characterized by a ductile-brittle nature, is
marked by quartz veins and veinlets representing tension gashes-oriented NNE-
SSW to NE-SW. And asymmetric folds (P1), often faulted, with generally subverti-
cal axial planes bearing subhorizontal fold axis-oriented NW-SE to NNW-SSE
(Tassiri, Essakane, Tin Zoumbaratan) are observed. The axial planar cleavage (S1)
is very discrete and observed locally. The geometric and kinematic interpretation
of these structures defines a D1 deformation phase characterized by a major prin-
cipal stress (o01) oriented NE-SW.

This deformation could be associated with a pre-Eburnean event known as the
Tangaean in Burkina Faso, dated to approximately 2170 - 2130 Ma, [31] and Eoebur-
nean in northern Ghana [35]. The western branch of the Markoye shear zone with
a dextral-reverse displacement would correspond to a regional marker of this tec-

tonic event [23].
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The second phase of deformation (D2) lead to the refolding of pre-existing P1
folds and the formation of a second family of folds (P2) with axis, oriented NNE-
SSW. An example of this is the anticlinal-synclinal sequence that contains the gold
indicator at Tin Taradat. The shearing nature of this deformation is easily observ-
able in the field. It is expressed by the relationship between cleavage (52) and shear
(C) planes, by the shape of sigmoidal structures, and pre- to syn-D2 asymmetric
boudinaged veins observed within the various deformation corridors of the area.
The set of markers, indicate a sinistral reverse movement along the Korezina-
Gossey deformation corridors (eastern branch of the Markoye fault), Bom Ko-
djélé, and a normal dextral movement along the Sokadie deformation corridor.
These movements fit perfectly into a conjugate fault system resulting from NW-
SE transpression. While horizontal movements are easily observable in the field,
vertical movements, on the other hand, had to be revealed from oriented core
drilling. This second phase of deformation (D2), characterized by a major princi-
pal stress (o1) oriented NW-SE, is associated with the Eburnean orogeny, dated
approximately 2130 - 1980 Ma [23] [30] [31].

The third phase of deformation (D3) is less marked in the field than the first
two. It is characterized by its ductile-brittle nature and by a generally N-S to NNE-
SSE compression resulting in the formation of a spaced cleavage (S3) of crenula-
tion and fractures accompanied by sinistral micro-displacement oriented N70° to
N90° (WNW-ESE to E-W). These microfolds and fracture cleavage refold and/or
cut across the previous S2 cleavages. Metric-scale folds with axial planes parallel
to S3 and subvertical axis are also observed. A deformation phase with a similar
orientation but rather brittle in nature had previously been identified in northern
Burkina Faso in the Goren belt by [31] and [36] and to the northeast in the granitic
terrains of Gorom-Gorom (western part of the Markoye fault) by [37].

5.2. Control of Mineralization

At the scale of the study area, gold mineralization is hosted in a variety of litholo-
gies including turbiditic sediments, sandstones, polygenic microconglomeratic sand-
stones, and intrusions of intermediate to mafic composition. It occurs along struc-
tures (folds and faults) oriented NNW-SSE (Essakane, Tassiri), N-S (Falagountou),
NNE-SSW (Korizena, Gossey), and E-W (Sokadie). This situation corresponds to
epithermal to mesothermal gold deposits, which often exhibit control by faults
and are hosted by igneous rocks, as well as sedimentary rocks [38]. Furthermore,
as observed in the study area, these types of deposits consist of stockworks or hy-
drothermal breccias in mineralized host rocks. These breccias and stockworks are
emplaced due to significant stress as well as the rheological contrast at lithological
contact zones.

At the scale of the Essakane deposit, it appears that regardless of the present
lithologies, the highest concentrations of gold are associated with stockwork zones
primarily located on the eastern limb, which is more inclined (~60°E) than the west-

ern limb, and at points where the hinge is intersected by reverse faults also inclined
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towards the east.

5.3. Timing of Gold Mineralization

In the shear zones of Gossey-Korezina and Sokadie, the mineralized veins ob-
served are brecciated or boudinaged, with principal directions parallel to these
zones (N10°E to N35°E and N80°E). This suggests early to syn-tectonic mineral-
ization during the D2 deformation phase (pre- to syn-D2). At the Bom Kodjélé
prospect area, the mineralization appears to be earlier, as it is hosted by veins with
brecciated or boudinaged structures too, oriented N20°E to N40°E, which cut
across the deformation zone-oriented NNW-SSE. The emplacement of these veins
would then be D1, implying possible mineralization synchronous with D1 (syn-
D1).

At the scale of the Essakane deposit (P1 fold), a vein network has been identified
that can be described as an “organized” stockwork consisting of several directional
families. The two main types of veins observed are laminated (sheared) veins and
tension veins.

There is controversy regarding the origin of veins parallel to stratification, de-
spite the subject being addressed by numerous authors such as [39]-[45]. Some
authors, such as [39], suggest that veins parallel to stratification can form in an
extensional context early in the formation of a basin (post-lithification, during
burial) or by late hydrothermal fluid circulation (post-folding hydrothermalism)
[40]. However, most studies systematically associate them with a compressive tec-
tonic context. Among these, some suggest that these veins can form early in a
fold’s history (pre-folding) by developing overpressure zones in impermeable
beds during bedding-parallel shortening [41]-[43] [46] or during sliding parallel
to bedding during bedding-parallel shortening [47]. Others, such as [48]-[50] and
[44], place them in a syn-folding period characterized by fluid circulation along
weakness planes developed during folding by sliding and flexing. Finally, [51]
considers them as extensions in fold limbs of reverse faults cutting through fold
hinges (late- to post-folding). In the Essakane context, the presence of these lam-
inated or sheared texture veins suggests syn- to late- or post-deformation (D1)
mineralization.

The extension structures have been studied by several authors, such as [48]
[52]-[56]. According to these authors, they result from hinge deformation, ex-
pressed by extension compression respectively at the extrados-intrados during a
folding phase. These veins can be parallel or perpendicular to the fold axis. Ac-
cording to [48] and [56], the predominance of axial and transverse directions ob-
served within buckling folds is compatible with a syn-folding origin of these frac-
tures. Thus, transverse fractures develop parallel to the shortening direction, and
axial fractures result from local extensional regimes due to curvature. However, it
is always possible that the extension veins of the Essakane deposit were reactivated
at the end of D1 during a decompression phase and/or during the second hori-

zontal and perpendicular compression phase (D2) to D1. These veins suggest syn-
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and post-deformation (D1) mineralization.

6. Conclusion

The Essakane deposit and its associated exploration projects in the far northeast
of Burkina Faso were the subjects of a detailed petrographic and structural study
to gain a better understanding of the structural control of mineralisation and gold
timing. This study has identified three tectonic phases affecting the volcanic, sed-
imentary, and volcanosedimentary units of the Essakane region. They consist of:
1) horizontal shortening (D1) NE-SW, leading to the formation of P1 folds, axial
plane schistosity S1, tension veins, and laminated (sheared) veins observed within
the folded turbidites; 2) a second shortening phase (D2), characterised by a main
stress (o1) in an NW-SE direction, resulting in the formation of folds P2, planes S2-
C and the boudinage of pre- and syn-D2 quartz veins; 3) a third N-S compression
phase (D3), forming microfolds P3 and spaced cleavage S3. The structural analysis
of gold mineralisation suggests that this is a case of epithermal to mesothermal gold
deposits, with mineralisation hosted by stockwerks and hydrothermal breccias
highlighting the deformation corridors in the zone. These veins are also observed
within faulted folds (mainly (P1) on a hectometric scale). The veins observed in the
Essakane deposit have directions that correspond to the structural patterns typical
of an asymmetrical west-verging fold. Most of these veins appear to have formed
during the first phase of deformation, which suggests that this phase is the possible

maximum age of mineralisation.
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