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Abstract: The Birimian of West African Craton (WAC) is known for its gold potential. Among
Birimian structures, N-S and NE-SW trends have been defined as controlling gold mineralizations in
Kedougou-Kenieba Inlier (KKI), whereas some of these structures are not gold-bearing. To determine
structures related to gold mineralization, airborne electromagnetic data collected during the “Systeme
Minier” of Mali have been processed and interpreted. Identified lineaments have been followed in
the ground to establish their link with gold showings in the Kenieba area. Geophysical interpretations
show trends similarity for different orders of conductivity. They allowed for characterizing resistance
and conductive structures with prevalent N-S and NE-SW directionalities. Conductive structures
are qualified as good conductors and are strongly related to known Artisanal Mining Sites (AMS).
They coincide with tourmaline sandstones and quartz-albite veins, which are both often artisanally
recognized as indicators of gold mineralization in Western Mali. Field observations show that
resistance structures correspond to felsic rocks. These structures can bear gold only when silicified
and they have spatial relations with Artisanal Mining Sites (AMS) within the Kenieba area. This
study shows the efficiency of electromagnetic methods to characterize Birimian structures in relation
to the gold mineralization in Kedougou-Kenieba Inlier (KKI).

Keywords: applied geophysics; electromagnetic methods; gold exploration; Birimian structures;
West African Craton (WAC); Western Mali; Artisanal Mining Sites (AMS)

1. Introduction

Mali is located in the West African Craton (Figure 1), hosting thirteen gold mine sites.
There are several gold projects under development (Seribaya, Wiliwili, Sitakily, Dandéko,
Baboto, Hamdallaye, Bourdala, etc.). It is the third highest African gold producer and
contributes to world production. Eight of the industrial gold mines are located in Western
Mali. Today, gold represents 7% of the global gross domestic product (GDP); therefore,
it has an important place in Mali’s socio-economic development. There are several others
unknown structures controlling gold indications under laterite cover, which is generally
thick. Known exploration methods are sometimes inappropriate for characterizing struc-
tures related to gold mineralization under laterite cover, which handicap new gold deposit
discoveries.
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To assist gold exploration in the Kedougou-Kenieba Inlier (KKI), recent studies, using
geological [1-8] and geophysical methods [9-12], have identified numerous gold bearing
structures in different directions (N-S, NE-SW, NW-SE, and in some localities are E-W).
Some of these structures are not spatially related to gold. The Malian government and its
partners have initiated geological mapping at a scale of 1/200,000 combined with regional
geophysical airborne surveys and geochemical sampling [6,13]. The geodatabase gathered
during these projects has helped to discover the Gara, Kofi, Diambaye I and II, and Fekola
gold deposits. Nevertheless, the development of many other gold deposits still remains
slow due to the lack of sufficient information on their structural control [9,11]. Because
of the thick laterite cover, direct exploration methods are often unable to provide the
necessary information to understand the behavior of gold mineralization structures in this
part of Mali.

For this reason, geophysical methods are mainly used to guide geologists to better
understand these structures. These approaches have been utilized in the research for gold
deposits [11-14]. In areas with thick laterite and silt cover, geophysical methods are more
useful in structure characterization and mineral exploration [10,11,14,15], particularly in
Western Mali [9-13]. Here, they have played an important role in exploration, from gold
showing to gold deposits. Geophysical methods contribute to the identification of shear,
silicification, and faults zones, which are generally related to gold mineralization in this
part of the West Africa Craton (WAC). Electromagnetic methods have been used for a
long time in groundwater investigations. Since the end of the Second World War, this
method has been used in mining exploration. Electromagnetic surveying is a useful tool
in geological mapping and mineral prospection [12,14,16-18] through the determination
of the conductivity /resistivity of metalliferous structures. EM methods have particular
characteristics (coupling to the ground follow, the physical response to pore fluids, and
the speed of data acquisition) which are not shared with other geophysical methods [17].
These particularities give them a veritable asset in exploring natural resources.

In this study, the available airborne electromagnetic method (AEM) data are used
to specify structures (shear, silicification, and fault zones) that are strongly associated
with gold mineralization. In addition, the quality of the geophysical signatures of these
structures has been defined through the analysis of conductivity values. This study aims to
guide gold exploration in Western Mali where we have noticed thick laterite and silt cover.

The identified lineaments were ground-proven with the main goal of determining
structural trends and their relationship to gold mineralization. This study has allowed for
determining the conductive N-S and NE-SW structures held in gold mineralization. These
structures have been qualified to be good conductors that characterize the persistence of
conductivity in the three orders of electromagnetic signals. Additionally, these structures
have mostly coincided with silicification and shear zones in the Kenieba area.

Geological Setting

The West African Craton (WAC) hosts two Precambrian Shields (Reguibat and Leo)
and two Precambrian Inliers (Figure 1), namely Kayes and Kedougou-Kenieba [1,6,11,19].
The last one hosts the study area (Figures 1 and 2), and both inliers appear in the middle
of the Paleozoic basin (Taoudeni, Illemeden, etc.). The West African Craton (WACQC) is
composed of Precambrian formations [6,20-26] which are modeled by Eburnean orogeny,
dated to 2.1 Ga [27].



Minerals 2021, 11, 126

30f15

15° N

- 18°N

SN

Y]
Legend
A Intrusion gold

% Placer (AMS)

D Malian part of KKI

L Orognenic Gold

B  Towns

Regional fault

|:| Countries Bondary
- Greenstones belts
- Granitoids
Sedimentay Rocks (Birimian)
- Archean
- Pan-African

Sedimentary basin (Paleozoic)

Figure 1. Geological map of West African Craton ([28], simplified).
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Figure 2. Geological map of Kédougou-Kéniéba Inlier (KKI) ([4], simplified).

Essentially composed of Paleoproterozoic formations commonly called Birimian, the
Kedougou-Kenieba Inlier (KKI) appeared in the Senegal and Mali territories (Figures 1 and 2).
The Malian part covers 7200 km? and represents 35% of the total area of Kedougou-Kenieba
Inlier (KKI). The Birimian formations of this inlier are divided into two main domains: the
supergroup of Mako to the west and the one of Dialé-Daléma to the east [11,12,19,29], sepa-
rated by the Senegal-Malian Shear-Zone (SMSZ) and the Main Transcurrence Zone (MTZ).
The Mako Group is mainly magmatic with some sedimentary heterogeneity (greywackes,
sericite bearing schist, etc.) and the one of Dialé-Daléma is mainly sedimentary with some
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magmatic rocks, such as granite, granodiorite, diorite, etc. [11,19,29]. The sector of Kenieba
is located in the Dialé-Daléma supergroup, precisely in the series of Kofi in the east of this
supergroup (Figure 2).

The Kofi group contains two heavy plutonic bodies, which are Gamaye and Yatia [2],
and some doleritic dykes. The age of Gamaye pluton has been defined as 2045 + 27 Ma [30].
We also noticed a sedimentary complex zone dominated by carbonate bearing and quartzo-
feldspathic rocks [3,6]. This complex is associated with mafic dykes and intermediate to acid
rocks [8], and is affected by an intense tourmalinization and albitization [8,31]. Albitization
was probably produced after a magmatic phenomena because it was only observed along
the Senegal-Malian Shear-Zone (SMSZ), as a product of the hydrothermal activities of
albitites [1]. Tourmalinized sandstones are dated to 2093 + 7 Ma [32] and are the main facies
that host the gold mineralization in Loulo deposits. Many other gold deposits, such as Gara,
Kofi, Sitakili, Segala, etc., are situated within the Kofi group (Figure 2).

MTZ and SMSZ are recognized as major accidents of KKI. These ones and their
secondary structures were produced during four tectonic events:

- D; is described as a compressive phase NW-SE [2] and is dated at 2070 to 2093 Ma [33].
It is associated with magmatic accretion [7];

- D, dated between 2045 and 1950 Ma [30], and the D, phase is recognized as a senestral
overlap with fold deformation [21,34-36]. During this phase, intrusive bodies such as
Gamaye pluton take place [36,37], accompanying the metamorphism activity [38,39].
The SMSZ and MTZ accidents have been linked to this phase [40];

- D3, with a dextral shearing [2,7], started 100 Ma after the D, event [22]. It is associated
with extensive deformation in some places of the Diale-Dalema groups [7]. NE-SW
trends have been identified [1,7,11], and also in some places NW-SE trends [1,7].
D3 is thought to control gold mineralization in Loulo deposits [2] and other places
in KKI [11]. Some of those structures are conductors [12] and are related to gold
mineralization [11];

The last phase, Dy, has been identified as extensive in the Diale-Dalema basin [7], and
shows the end of Eburnean orogeny.

2. Methodology

The electromagnetic (EM) method is able to characterize groundwater quality in the
rock, clay mineral presence, and lithology variation [41]. In mineral exploration the re-
sistivity depends on the presence of silicification zones and quartz-rich material, while
the conductivity is outlined by the presence of sulfide, graphite and others metal-bearing
material. The EM data can be collected with the artificial (time domain) or natural (fre-
quency domain) source current. All phenomena of this geophysical method are explained
by Maxwell [42] through four mathematical equations, based on the electromagnetic induc-
tion principle:

= —
V.E = 4mp with the electric charge and field (1)
— =
V.B = 0;Bis a magnetic field 2)
—
2= —109B .
V.E = < C represent the conductivity (©)]
O
— — 1 —

In this study, airborne electromagnetic methods (AEM) were used in the time domain
(TDEM). The AEM was developed after the Second World War for mineral deposit explo-
ration, and became one of the most useful geophysical methods in mineral exploration [43].
The abundance of artisanal mining sites is an indication of the presence of visible or coarse
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gold. According to various studies [12,44], visible or coarse gold are typical of low-sulfide
Au—Quartz veins.

This technique consists of flying over the study area with a helicopter that carries
an emitter and receiver (Figure 3A). The AEM is very efficient in the characterization of
conductive bodies [12,45], such as massive sulfides. In the Precambrian domain, airborne
electromagnetic methods constitute a true asset in identifying fault zones, and conductive
and resistive bodies related to gold deposits [12].
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Figure 3. AEM acquisitions technique [46]: (A) airborne method, (B) measure in frequency domain,

(C) measure in time domain.

AEM surveys require using a helicopter connected to a current transmitter and Elec-
tromagnetic (EM) receiver loop (Figure 3). The EM data were collected by Fugro Airborne
Surveys Corporation, Ottawa, Canada in 2002 with the GEOTEM® System using the aircraft
type CASA-212-200. They were collected for the “Systeme Minier-SYSMIN” project in Mali
funded by the European Community and pre-process using INTREPID®2005 software.
The survey parameters are as follows: flight lines interval—400 m, flight height—120 m,
survey line direction—N135°/315°, control lines—N045° with 4000 m line spacing [13].
These data were collected in the time domain (TDEM) and they involve the primary mag-
netic field and three orders of conductivity values. The specifications of EM survey data
were as follows: basic frequency—75 Hz, impulsion—4 ms, emitter loop—3 turns, dipolar
moment—4.65 x 105 Am?, receptor—sensor with 3 induction coils with sample frequency
of 10 Hz corresponding to 6.5 m and 20 channels of measurement.

The measured parameters are the primary field and the conductivity values (elec-
trical field) that contain three orders. The first order has an amplitude between 993.7
and 14,659.9 micro-Siemens. The amplitude range of the second order is between 3130
and 22,397.953 micro-Siemens. For the third order, the amplitude is lower than the pre-
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vious ranges with values between 153.306 and 909.202 micro-Siemens. The conductance
components are calculated through the dipolar moment [6,12].

3. Data Interpretation

The conductivity maps (Figure 4A—C) related to the study area show that high con-
ductance values concentrate in the center and the eastern parts of the Kenieba area. These
anomalies are orientated N-S to NE-SW. For low conductivity values, similar directions
have been noted mainly in the western part of the study area (Figure 4A—-C). In some places,
it is noticed that N-S and NE-SW trends are cross-cut by NW-SE structures. The three
conductivity orders give the same forms of anomalies, but the limits and directions are
mostly different depending on the magnitude of conductivity order (i.e., first, second and
third). A polygonal form can be drawn for some anomalies. The superposition of different
directions (Figure 4D) shows the relevant responses of geological structures. It also proves
the efficiency of the airborne electromagnetic method (AEM) in the characterization of
conductivity bodies.

For the high conductivity values, anomalies are often not continued but keep the same
trend. This is more accentuated in the third-order conductivity map (Figure 4C). However,
the presence of good conductor bodies is observed, and their signal response persists in
the three orders conductivity. Previous studies show that in good conductor zones, the
secondary field is of long duration [45]. The high presence of the amplitude in three orders
of conductivity proves that the issued signal of geological bodies is saved by a maximum
of the channel. Kearey et al. [45] noted that this is due to deep conductors. The same has
been remarked in Kenieba, where conductors can be characterized as deep ones.

Data interpretation was followed by ground proving. During this phase, interpreted
lineaments were recognized as series of quartz-albite veining, silicification zones, and
various dykes particularly of basic compositions. Geological bodies have the same bearing
as the interpreted lineaments.
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4. Results

The analysis of the different conductivity maps allows us to detect geological bodies
in the study area (N-S and NE-SW structures). This proves the efficiency of airborne
electromagnetic methods in characterizing Birimian structures in Kédougou-Kéniéba Inlier
(KKI). It allows the identification of conductive bodies in Precambrian domains.

The results indicate the coincidence of lineaments generated from different conductiv-
ity orders (Figure 4D). Most of the interpreted lineaments were recognized in the surface
and represent geological structures. Thus, we can draw out the main structural frameworks
of the Kéniéba area.

Airborne electromagnetic method (AEM) data interpretations allow for identifying
conductive bodies’ distributions in two domains: high and low. The first one is concentrated
in the center and the eastern part of the Kenieba area, with prevalent N-S and NE-SW
directions and rare NW-SE structures (Figure 5). The second domain is located in the
western part of the studied area and is characterized by the low conductivity values
corresponding to the resistivity province with the same direction (N-S and NE-SW). All
structures are recognized as Birimian within Western Mali. They are generally related to
gold mineralization (major AMS and gold deposits) in the KKI.
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It is noticed that the conductive bodies have high amplitude signals and are expressed
in three orders of conductivity (Figure 5). This allows us to classify those bodies as good
conductors. They have a strong spatial correlation with Artisanal Mining Sites (AMS),
which are mostly composed of quartz veins and/or stockworks (Figure 6). It is important
to outline that only conductors with N-S and NE-SW directions seem to link to gold
mineralization (Figures 5 and 6). In this part of KKI, geological field observations show a
large zone of deeply silicified metasediments that coincide with high-conductivity zones.
The abundance of quartz veins, including stockworks, testifies to this silicification. Fault
zones, as secondary structures of the Senegal-Malian Shear-Zone (SMSZ), have been
described. They coincide with the high conductivity area (Figure 6). However, in the
southern part, a field check shows the coincidence between tourmaline sandstones and
interpreted conductors. The tourmaline sandstones constitute the mineralized formation
in Loulo gold deposits, and are associated with NE-SW and N-S oriented structures. The
spatial relation between some AMS, tourmaline sandstones, and conductors confirms
gold’s correlation with conductivity bodies in the Kenieba area. During the field study, an
anticline structure was identified in the northern part, dominated by high conductivity
values (Figure 6). Nearby quartz-albite veins with arsenopyrite are noted (Figure 7). They
are mainly N-S orientated. Quartz—albite veins constitute the mineralized formations of
Diambaye, Segala, and Kofi gold deposits in the eastern part of Western Mali (Figure 6).
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Quartz-Albitie vein

Xm: 252,839
Ym: 1,433,008

Figure 7. Quartz-albite veins. (A) Sample showing arsenopyrite. (B) Veins’ orientation near the fold
zone.

These observations confirm the efficiency of airborne electromagnetic methods (AEM)
in mapping conductors, such as sulfides-bearing and low-sulfide quartz—gold veins, indi-
cators of gold mineralization in KKI.

Resistive bodies are marked by low values of conductivity, and are focalized in the
south-western part of the Kéniéba area (Figures 4C, 5 and 6). They mainly have N-S and
NE-SW orientations. In some places, they are cross-cut by conductive bodies and have a
weak spatial correlation with AMS, but a strong correlation with dolerite and diorite rocks.
Exceptionally, rare resistive structures have been noticed in a set of conductors in metasedi-
ments in the central part of the studied area, as shown in Figure 6. The presence of those
structures can signify deep silicification, which is generally related to gold mineralization
(Figure 6).

From this study, it appears that only conductive structures with N-S and NE-SW
trends control gold mineralization in this part of KKI. These structures can be qualified
as good conductors with high responses. This suggests that EM methods allow their
characterization. In the field study, they coincide with tourmaline sandstones, quartz—
albite veins, fault, and silicification zones. The identified structures hold mineralized
zones in major AMS and known gold deposits in Western Mali. They are conductive and
constitute the secondary structure splays of the Senegal-Malian Shear Zone (SMSZ).

5. Discussion

This study shows the concordance of different orders of conductivity trends defined
from AEM data analysis. This testifies to the coherence of identified structures, and
allows for drawing the main structural framework (N-5, NE-SW and some NW-SE). These
trends are known from previous studies [1,7,9-11]. They are classified into conductive and
resistive domains [12].

The identified conductors, N-S and NE-SW, hold high-amplitude signals for different
conductivity orders, which proves the good response of the secondary electromagnetic field
in the Kenieba region. The secondary field of good conductors are thought to have high
amplitude [45]. Therefore, the described conductors in the Kenieba area can be considered
as good, and are able to hold gold mineralization.
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The conductor bodies are essentially located in the east and the center of the study area,
where many Artisanal Mining Sites (AMS) are present (Figure 6). Conductive structures
have a good correlation with major AMS and gold deposits, which are composed of sulfide-
bearing tourmaline sandstones and quartz veins (veins and stockworks). Thus, these struc-
tures can be considered as controlling gold mineralizations in Western Mali [2,4,8,11,12].
Some of the identified lineaments correspond to shear zones representing the secondary
structures of the Senegal-Malian Shear Zone (SMSZ). This has been highlighted by previ-
ous studies in this region [10-12]. From the spatial relation between conductors, AMS and
gold deposits, shown in Figure 6, it can be concluded that only N-S and NE-SW conductors
are related to gold mineralization [12].

During the ground follow-up, a good spatial correlation between a fold zone (anticline)
and a conductive lineament was noticed. In the same zone, the presence of quartz—-albite
veins containing arsenopyrite (Figure 7) shows the efficiency of electromagnetic methods.
In the West African Craton (WAC), arsenopyrite is associated with gold mineralization in
the Tabakoto, Segala, Diambaye and Kofi deposits [47].

To the south, the good spatial correlation between tourmaline sandstones and con-
ductive lineaments shows the importance of these lithologies as gold-bearing materials
in Loulo gold deposit [2]. This one is controlled by the D3 tectonic phase [8] with dextral
shearing NE-SW [1,7,11]. Structures related to this phase are known as secondary to SMSZ.
This also confirms that conductive structures control mineralization [12], particularly the
NE-SW ones in Kedougou Kenieba Inlier [11]. Consequently, this can be used as a tool to
prioritize exploration targets in the Kenieba area.

Resistive structures have an N-S and NE-SW azimuth. These structures are located in
the western part of the study area and are generally cross-cut by conductive ones. Resistive
structures in the Kenieba sector have a poor spatial correlation to AMS and gold deposits,
but seem to have a mineralizing function (Figure 6) in gold remobilization [9].

Field observations have revealed that resistant lineaments coincide with dykes of
dolerite and diorite composition [6,11]. Within metasediment formations, there are some
resistive structures together with conductive ones (Figure 6). This explains the intense
silicification zones noted during field verification. In Western Mali, gold mineralization is
associated with quartz veining and silicification in Segala and Kofi gold deposits [47].

Different directions (N-S, NE-SW, and NW-5E) outlined during EM data interpreta-
tions correspond to the azimuth measured by geologists of the “Direction Nationale de la
Géologie et des Mines (DNGM)” in surface geology. These trends are known as Birimian
structures that host gold deposits in the West African Craton (WAC). Thus, electromag-
netic methods can be used widely in gold exploration to prioritize different targets in the
Kedougou Kenieba Inlier (KKI).

6. Conclusions

Electromagnetic data interpretations of the Kenieba area allow us to identify the
conductive and resistive structures confirmed by fieldwork. N-S and NE-SW directions are
prevalent, with some NW-SE-bearing structures. These trends are considered as splays of
the Senegal-Malian Shear-Zone (SMSZ) in KKI.

Conductive structures have high-amplitude signals and are described as good conduc-
tors. Their N-S and NE-SW trends have a strong spatial correlation with Artisanal Mining
Sites (AMS), where many mineralized quartz veins (veins and stock-works) have been
described. In KKI, these structures are known as Birimian. Some conductive lineaments
coincide with tourmaline sandstones, proving that these facies are conductive. They have
high-conductivity signals and host many AMS, which contain a large zone of silicification,
tourmaline sandstones, and sulfide-bearing quartz—albite veins. Gold mineralization is
associated with these facies in the Loulo, Segala, and Kofi gold deposits. The ground check
described arsenopyrite-bearing quartz-albite veins in a fold zone. Arsenopyrite is a good
indicator mineral of gold in the Diambaye, Tabakoto, Segala, and Kofi deposits. The present
study confirms that gold mineralization is controlled by N-S and NE-SW conductors in
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this part of KKI. Therefore, airborne electromagnetic methods (AEM) can help to highlight
exploration targets.

Resistive structures have low conductivity and correspond to intermediate and basic
dykes (diorites and dolerites), and deeply silicified zones. It can be concluded that these
structures have poor spatial correlation with artisanal mining sites. It is thought that
they have played a role in the remobilization of gold-bearing fluids. However, the strong
silicified zones, resistive bodies, can sustain AMS and gold mineralization in Segala and
Kofi deposits.

Studies by various authors confirm that gold mineralization is controlled by N-S
and NE-SW structures in Kedougou Kenieba Inlier (KKI). The present study leads to the
conclusion that N-S and NE-SW conductivity can be the key structures controlling gold
mineralization in Western Mali. These structures are good conductors, which are easy to
be identified by EM or other resistivity methods, proving that electromagnetic methods
can be used as tools to prioritize gold targets during mineral exploration in KKI.
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