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Abstract

The Dialafara area is part of the highly endowed Kédougou-Kéniéba Inlier
(KKI), West-Malian gold belt, which corresponds to a Paleoproterozoic win-
dow through the West African Craton (WAC). This study presents, first of
all, an integration of geophysical data interpretation with litho-structural field
reconnaissance and then proposes a new litho-structural map of the Dialafara
area. The Dialafara area shows a variety of lithology characterized by volcanic
and volcano-sedimentary units, metasediments and plutonic intrusion. These
lithologies were affected by a complex superposition of structures of unequal
importance defining three deformation phases (Dp, to Dp,) under ductile to
brittle regimes. These features permit to portray a new litho-structural map,
which shows that the Dialafara area presents a more complex lithological and
structural context than the one presented in regional map of the KKI. This
leads to the evidence that this area could be a potential site for exploration as
it is situated between two world-class gold districts.
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1. Introduction

Several studies have explained the evolution of Precambrian terranes with a
complex tectonic history and a wide potential in mineral resources (especially in
gold; [1]). Paleoproterozoic terranes of the Man-Leo Rise in the southern part of
the West African Craton (WAC; Figure 1) were deformed and metamorphosed
during the Eburnean orogeny dated between ca. 2250 and 1980 Ma [2] [3] [4] [5].
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Figure 1. (a) Simplified geological map of the Leo-Man Shield. (b) Geologic map of the Paleoprote-
rozoic Kédougou-Kéniéba inlier (modified after Gueye et al, 2008; Masurel et al, 2017c). Abbrevia-
tions: Ga: Gamaye monzogranite; KI: Kayes Inlier; KKI: Kédougou-Kéniéba Inlier; Sa: Saraya pluton;

Yt: Yatea monzogranite.

Eburnean orogeny is an important period of crustal thickening during the Pro-

terozoic and there are still gaps in the design of the processes involved (e.g., [6]

[7]). This orogenic evolution is generally marked by a diversified range of mag-

matism in different tectonic contexts (e.g., [8]) and developed a distinct metal-

logenic province [9] [10].
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Concerning questions about the deformation style of the Paleoproterozoic
formations of the WAC, the Kédougou-Kéniéba Inlier (KKI) occupies a special
place because of its isolated position in the center-west of the craton (Figure 1)
and represents one of the most perspective regions for gold and other minerali-
zation in West Africa (e.g., [1] [11]). The KKI is the northern part of the
Baoulé-Mossi domain and shares with it a same litho-tectonic context (e.g.,
[12]). The deciphering of the litho-tectonic context of these formations improves
our understanding of the evolution of this part of the Craton.

Outcrop conditions are poor in the KKI, requiring the contribution of other
techniques to characterize the litho-tectonic context such as geophysics. Aero-
magnetic data provides better resolution of near-surface and can be used to
identify lithological units, faults, and their prolongation as major crustal shear
zones [13] [14]. Statistical analysis of K, U and Th concentrations of airborne
gamma-ray spectrometric data and its qualitative analysis of the RGB ternary
composition image can contribute significantly to elaborate a litho-tectonic map
of a region (e.g., [15] [16]).

The most gold production of the KKI is mainly articulated around the depo-
sits located within the Kofi series in Mali (Figure 1). These deposits are: 1) Sadi-
ola, Alamoutala and Yatela (Sadiola district) in the northern end of the Kofi se-
ries, 2) Gara, Yaléa, Gounkoto forming the Loulo district within the middle part
of the series with the deposits of Tabakoto and Ségala further east, and finally 3)
Fékola to the south of the Kofi series (Figure 1). The Dialafara zone is situated
between the Sadiola district in the north and the Loulo district in the south
(Figure 1(b)).

To complement the understanding of the Paleoproterozoic KKI and to fill
gaps between the Sadiola and Loulo districts, this paper presents an integration
of original field work and analysis of airborne magnetic and gamma-ray spec-
trometric data of the Dialafara zone. We aim to determine the main litho-structural
frameworks of the area and possible mineralized structures as an attempt to fo-

ment new information for further prospective campaigns.

2. Geological Setting

The Kédougou-Kéniéba Inlier (KKI) is made of Paleoproterozoic rocks de-
formed and metamorphosed during the Eburnean orogeny [2]. The KKI is made
by two metavolcanic belts (Mako and Falémé belts) and two metasedimentary
series (Dialé-Daléma and Kofi series) [17] (Figure 1(b)).

The Mako belt (Figure 1(b)) is composed of basaltic (locally displaying pillow
lavas), gabbroic and ultramafic rocks of tholeiitic affinity as well as intermediate
to dacitic volcanic and volcaniclastic rocks [18] [19]). The Mako belt is also in-
truded by the Kakadian batholith and numerous small granitoid plutons [8]
[17]. The Falémé belt (Figure 1(b)) is made by metamorphosed volcanic se-
quence (andesite flows with preserved pillowed structures, subordinate rhyoda-

cite lavas and pyroclastic rocks) interbedded with metasedimentary rocks (me-
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tavolcanoclastics, metagreywackes and metacarbonates) and syntectonic grani-
toid plutons [17] [20] [21]. Plutonic intrusions are represented by the Balan-
gouma, Falémé Sud and Boboti plutons [17] [22]. The Dialé-Daléma and Kofi
metasedimentary series (Figure 1(b)) are derived from erosion of the Mako belt
[23] [24]. These series are composed by a wide range of siliciclastic and impure
carbonate rocks [17] [20]. The metasedimentary rocks are intercalated with vol-
caniclastic rocks and rhyolite flows [17] [20]. The Dialé-Daléma and Kofi series
are intruded by numerous syntectonic granitoid plutons [8] [25] [26] [27] such
as Saraya batholith, Gamaye pluton and Yatea pluton.

In most regions of the craton, Eburnean orogeny is characterized by a poly-
cyclic evolution [12]. In the KKI, previous work distinguishes three major phases
of Eburnean deformation starting by an early period of shortening (D,) which is
followed by a period of transcurrent tectonics (D,-D;) (e.g., [8] [26] [27] [28]
[29] [30]). The D, phase is marked by crustal thickening, which is associated
with SE verging thrusts and stratigraphic stacking with associated folding, prior
to widespread granitoid plutonism throughout the KKI [8] [28] [29]. However,
little is known about the kinematics of the D, due to penetrative reworking by
subsequent deformation. The D, and D, transcurrent phases structures mark the
main tectonic footprints of the KKI during which folding was followed by sini-
stral displacement on north-striking shear zones [12] [28] [30] [31]. These phas-
es are associated with the widespread granitoid plutonism throughout the KKI
[8] [17]. Two main regional shear zones were described during the D,-D, tran-
scurent phases in the KKI: 1) The Main Transcurrent Zone (MTZ) [28],
which separate the metavolcanic belts of Mako from the metasedimentary Dialé-
Daléma series and 2) the Senegalo-Malian Shear Zone (SMSZ) [31], which sepa-
rates the Faléme belt from the Kofi series in the south and, further north, the Di-

alé-Dalema from the Kofi series.

3. Methodology and Data Use

The approach in this paper is to combine different information in an integrated
dataset in a complementary manner. These data are the litho-structural features
from field work and the interpretation of geophysical data. The flowchart of the

main research steps followed during this paper is illustrated in Figure 2.

3.1. Field Work

Field work was made to constrain the lithological and structural context of the
study area. However, traverses were designed prior to the field work based on
the literature review. Thus, the methodology used in this study was the transect
mapping: several cross-sections were made on foot following a predefined direc-
tion. However, data were also collected during road traverse (Figure 3). During
field work, the identification and description of structures were collected in
conjunction with lithological and petrographic data from the study area during

the various traverses. This work allows establishing an outcrop database (Figure 3)
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Figure 2. (a) Flow chart of investigation and data processing methodology in this study.
(b) Photography of the lithological and structural data collection process during field
work. (¢) and (d): Airborne geophysical data. (c) magnetic map reduced to the equator
and then first vertical derivative applied; (d) composite radiometric ternary map with K
(red), Th (green) and U (blue) (SYSMIN, 2006).

that will be the principal base to make the litho-structural map. Structural data
were reported as strike/dip/quadrant for the planar structures and plunge/azimuth

for linear structures.

3.2. Aeromagnetic Data

Aeromagnetic data are a critical tool, which became essential in regional and lo-
cal geology mapping and resource exploration (e.g., [14] [32] [33]). Magnetic
anomalies highlight the structural framework and main geological features at the
surface and in depth. The data come from two main aeromagnetic surveys which
were flown covering the Malian part of the KKI during SYSMIN project [34].
Their characteristics are summarized in Table 1.

The first vertical derivative (1VD) is used to delineate short-wavelength fea-
tures [13]. Thus, the 1VD map was used to derive the structural framework of
the Dialafara area as it gives a sharper picture of the near-surface litho-structural
features.

The absolute value of the analytic signal (AS) resolves close-spaced bodies’ re-

lationship and is effective for delineating geological boundaries [35].
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Figure 3. Outcrop map of the study area. Some points (black) indicate field-observations
giving detailed lithological and structural description. Other points (yellow) present
field-observations with lithological and structural description and structural measure-
ments.

Table 1. Key parameters of geophysical data sets from Mali.

High-Sense Kevron
Survey area Kéniéba Kéniéba
Survey period 1996 and 1997 2001
Acquisition company High-Sense Geophysics Ltd. Kevron Pty Ltd.

Survey type
Altitude

Flight orientation
Line spacing

Tie line orientation
Tie line spacing

Time interval in recording

Combined airborne

100 m

000° - 180° and 065° - 245°
200 m

065° - 245° and 155° - 335°
3000 m

0.1s

Combined airborne

100 m

000° - 180° and 065° - 245°
200 m

065° - 245° and 155° - 335°
3000 m

0.1s
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4. Results
4.1. Key Lithologies

This section presents the different lithology described during field work. The
Dialafara area straddles the border between the Dialé-Daléma and Kofi metase-
dimentary units (Figure 1). However, the study area is mostly covered by a late-
ritic cuirass resulting from the alteration of underlying formations. All litholo-

gies are metamorphosed to greenschist facies [28].

4.1.1. Volcanic and Volcano-Sedimentary Rocks

Volcanic rocks are formed by the solidification of fragments projected at high
temperature by a volcanic eruption. The pyroclastic rocks are marked by tufs
and pyroclastic flows (Figure 4). Tufs are greenish-gray rocks with dark miner-
als and appear as bedded and deformed bands (Figure 4(a)). Pyroclastic flows

Figure 4. Field photographs of representative volcanic and volcano-sedimentary litholo-
gies: (a) Volcanic tuff with fragments. (b) Pyroclastic rocks with angular to sub-rounded
lithic fragments. (c) Basalt with crystal of black pyroxene. (d) Andesitic basalt. (¢) Ande-
site. (f) Volcanosediment cross-cut by S,, and S,, schistosity.
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have been mapped in the metavolcanic suite and form sporadic units with flat-
tened bombs and angular to sub-rounded lithic fragments ranging in size from 1
to 10 cm (Figure 4(b)).

Volcanic rocks are also represented by basalt and/or basaltic andesite. These
rocks have been mapped in the north-western and the south-eastern part of the
study area and described as sub-units of the metavolcanic suites of the Mako
belt. Basalts (Figure 4(c)) are characterized by sporadic outcrops as intercala-
tions within volcanic suite, and are cut in places by gabbro or andesite. Basaltic
andesites have been mapped in several locations (Figure 4(d)). They are charac-
terized by a microlithic texture and a greenish color and are associated with an-
desites and pyroclastic flows. Andesites are characterized by slight lamination
with a microlithic porphyry texture and highly variable plagioclase phenocrystal
sizes (Figure 4(e)).

Volcano-sedimentary rocks are sedimentary units that originate from re-
worked volcanic material and/or volcanic material, which are mapped in several
locations in the study area (Figure 4(f)). They consist of flysch-like metasedi-
ments, and epiclastic volcano-sediments intercalated within the matavolcanic

suite.

4.1.2. Metasedimentary Rocks

The metasedimentary rocks consist of turbidite sequences metamorphosed to
greenschist facies, schists and conglomerate. The turbidite sequences consist of
metagreywacke intercalated with meta-argillite (Figure 5(a), Figure 5(b)). They
show a very extensive surface of alteration profile and are located in the center of
the sector and also slightly to the east. They form a band oriented NNE-SSW.
Tectonically, the metasediments are affected by intense foliation and are usually
traversed by shear zones (Figure 5(a), Figure 5(b)). Sometimes, metagreywacke
is very fine, aphanitic black rock that may be meta-quartzite corresponding to
tourmaline-bearing quartz-wacke, which are crosscut by quartz or quartz-carbo-
nate veins and fractures (Figure 5(c)).

The schists make up the bulk of the lithologies encountered in the field. The
schists are well straightened and finely laminated volcano-sedimentary to meta-
sedimentary units with an NNE-SSW trending schistosity (Figure 5(d), Figure
5(e)). These schists are mauve-greyish, but can be brownish in places. The mi-
neralogy of the schists shows a fine lepidoblastic texture with small to me-
dium-sized grains. These grains are mainly represented by quartz, sericite, cal-
cite and chlorite. The schists, in some cases, are intersected by quartz veins.

Conglomerates occur in massive blocks. They consist of epiclastic lithic debris
(of volcanic origin), locally carbonated (Figure 5(f)). The conglomerate ele-
ments are often subjoined and highly heterometric (centimetric to decimetric).
The typology of the elements reveals a great diversity of sources (Figure 5(f)).
They contain pebbles of andesitic volcanics, diorites, granites, sandstones, car-

bonates and probably dacite and rhyolite.
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Figure 5. Field photographs of representative metasedimentary units. (a) and (b) show a
turbidite sequences consisting of metagreywacke intercalated with meta-argillite. (c)
Tourmaline-bearing quartz-wacke cross-cut by quart-carbonate veins. (d) and (e) show
schist finely straightened by deformation. (f) Conglomerate epiclastic lithic debris of vol-
canic origin.

4.1.3. Plutonic Magmatic Rocks
Plutonic magmatic rocks are represented by gabbro/micro-gabbro and granodi-
orite/diorite. Gabbros occur as sporadic elliptical bodies or dykes (Figure 6(a)).
They appear folded in the undifferentiated volcano-sediments units. They have a
grainy texture with minerals of plagioclase, pyroxene, amphibole and little bio-
tite (Figure 6(b)). They are locally composed of plagioclase megacrysts.

The granodioritic to dioritic rocks (Figure 6(c)) stand out in the north-eastern
part of the study area, where it is mapped in a circular shape with a NW-SE
trending. They are characterized by very little deformation, with local shear bands

and/or mylonitic foliations (Figure 6(d)). Mineralogy is mainly composed of
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Figure 6. Field photographs of representative plutonic magmatic units. (a) and (b) Gab-
bro. (c) Granodiorite. (d) Diorite affected S,, schistosity.

quartz, plagioclase and biotite. They are coarse-grained and sometimes porphy-

ritic.
4.2, Structural Framework

The methodology for structural analysis includes interpretations of individual
structural measurements during field work and structural interpretation of
aeromagnetic data (Figure 7 and Table 2). Structural measurements include

schistosity, foliation, and information related to folds, faults and shear zones.

4.2.1. Ductile Deformation Phase

The earliest structural fabric is recognized in the north-western part of the Di-
alafara area and is appeared as a bedding-parallel S, schistosity (Figure 7 and
Figure 8). These S, schistosities are oriented N90° to N130° with an average dip
of 50°, which are generally inclined towards the south to southwest but locally to
the northeast (Figure 7(a)). The S, are associated with a NW-SE striking tight to
isoclinal shear folds (F,) with an NW-SE axial planar and point to a dominant
vergence to the SE (Figure 9). These earliest structural fabrics are manifested in
the metavolcano-plutonic Mako belt. Fold geometry and S, schistosities data
marked the first deformation event (Dp,), which is consistent with a N-S di-
rected shortening.

The first structural features of the Dy, are crosscut by a pervasive NNW to
NE-trending structural corridors providing the foundation for formation of
map-scale faults and shear zones (Figure 9). These structural corridors are asso-
ciated to a penetrative NNW to NE-striking schistosity defined as S,. The S,
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Number: 8 Number : 58

A S1schistosity B S2a schistosity @ S2b schistosity

Figure 7. Equal area, lower hemisphere projections showing the orientation of the ductile deformation event in
the Dialafara area. (a) shows S1 schistosity of D,; deformation event. (b) shows S2a and S2b schistosity of Dy, de-
formation event.

Table 2. Zoom on near-surface deformation event interpreted in the local-scale Dialafara area and their magnetic response.

Structure Event Sense Magnetic characteristic Corresponding images

=

Dy, shear zone  WNW to NW trendin
ot & Abrupt magnetic contact between

contrasting magnetic domains

Dy, shear zone Sinistral
WNW to NW trendin
Schistosity and NNE trending 8 Trend of magnetic units
Near-surfalce Fold
structura
Folded magnetic horizons with
framework from . .
the first vertical fault/shear in axial plane
¢ frstvertica Axial plane NE trending
derivative map
Dextral
DD3 fault Straight discontinuity t}.lat c1toss—cut i
and offset magnetic units
NE trending

schistosities display a variety of orientations. Some schistosities strike from
N340° to N10° with an average dip of 45° generally inclined towards the west
(S,.) (Figure 7(b)). Others schistosities strike from N20° to N50° with an aver-
age dip of 70° inclined to both southeast and northwest (S,,) (Figure 7(b)). The
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Figure 8. Field photographs of representative structures: (a) and (b) Finely flattened of
metasediment units portraying S, schistosity. (c) Deformed conglomerate showing S,
schistosity. (d) Deformed volcano-sedimentary unit showing S,, schistosity, which is
cross-cut by Dy, fault. (e) Deformed metagreywacke showing S,, schistosity.

S,, fabrics are subparallel to the axial planar of the NE-SW-striking upright to
tight F, fold. The F, fold appears in the south-eastern part of the Dialafara area,
which exhibits a mean axial planar striking of N42° (Figure 9). These structural
features define the second deformation event (Dp,) with an E-W shortening ac-
commodated by a horizontal stretching and a dominant simple shear compo-

nent.

4.2.2. Ductile-Brittle to Brittle Deformation Phase

A set of penetrative schistosity (S,) oriented NW-SE and NE-SW are portrayed
in the Dialafara area, which are associated with a set of subvertical NW-SE and
NE-SW trending ductile-brittle to brittle faults (Figure 9 and Table 2). These
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11°30'W

Figure 9. (a) Analytic signal of the TMI overlain by interpreted litho-structural frame. (b)
First vertical derivative of the TMI overlain by interpreted litho-structural frame. (c)
composite radiometric ternary map overlain by interpreted litho-structural frame. (d) Li-
tho-structural map of the Dialafara area. 1: Dy, Faults; 2: Dy, fault/shear zones; 3: Dy,
fault/shear zones; 4: Lithological outline; 5: Gabbro dykes; 6: Granodiorite/diorite intru-
sions; 7: Metasedimentary units; 8: Volcano-sedimentary units and schists; 9: Pyroclastic
and tuff rocks; 10: Basalt, basaltic andesite, and andesite.

faults are up to 0.5 m wide and occur as conjugate sets. Ubiquitous ENE-WSW
to E-W striking brittle fault and/or fracture were also recorded during mapping.
These features can be linked to a single deformation event defined here as Dy;.
The geometrical relationship between the different structures of the Dy, is con-
sistent with E-W-directed shortening.

Milky white quartz and/or quartz-carbonate veins are commonly developed
during Dy,; and occur in almost all lithologies. They are oriented in the direction

of the fractures they cover (Figure 5(c)).

4.3. Litho-Structural Map

The integration of geophysical and field data permits to construct a new li-

tho-structural map of the Dialafara area (Figure 9). The figure shows an exam-
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ple of litho-structural map based on field work and geophysical analysis and il-

lustrates architecture of lithologies accounted in the region as well as the struc-

tural framework. The Dialafara litho-structural map shows three main parts.

= The first one is defined by volvanic and volcano-sedimentary rocks located in
the north-western part (Figure 9). This part is characterized by heterogene-
ous magnetic signatures with elongate high and medium anomalies in the
analytic signal as well as the first vertical derivative images (Figure 9(a),
Figure 9(b)). The high magnetic anomalies in this part are correlated with
the basalt, basaltic andesite and andesite rocks. These lithologies are intruded
by localized dyke of gabbro. The SE vergence fold of the moderately magnetic
body in the center of this part is defined as volcano-sedimentary units
(Figure 9). In this part, the concentration of Th and U are extremely low, as
it exhibits a red color of K (Figure 9(c)).

= The second part is located in the south-eastern part (Figure 9). The area is
characterized by the high anomaly values in the analytic signal and the first
vertical derivative images, and is consist of metavolcanic formations domi-
nated by volcano-sedimentary units, pyroclastics and tuffs, and schists. Gab-
bro dyke is defined in one place into this part. This part shows similar mag-
netization as the first one, although its intensity and texture are variable
(Figure 9(a), Figure 9(b)). This part shows differences about the concentra-
tion of the ratio of K, Th and U. It increases in Th and U concentration when
moving into the extreme south-east (Figure 9(c)).

= The third part is marked by metasedimentary units and located in the
south-western and the north-eastern part of the maps (Figure 9). In aero-
magnetic data, this part is less magnetized than the two first part (Figure
9(a), Figure 9(b)). It is mark by a smooth magnetic texture with low mag-
netic response. This part is intruded by granodioritic to dioritic body which
is expressed by a low magnetic anomaly in the analytic signal map and by an
intermediate magnetic anomaly value in the first vertical derivative map with
a smooth texture (Figure 9(a), Figure 9(b)). This part shows higher concen-
tration of U and Th, although in the south-western side, the K content is
important (Figure 9(c)). This is probably due to the influence of drainage of

the granitoid alteration products by the Falémé river.

5. Discussion

The combination of field work and geophysical data presented in this paper pro-
vide new constraints on the lithological units and structures at the Dialafara
scale (Figure 9(d)). The integration of geophysical data interpretation, especially
the magnetic data, with structural field reconnaissance led to several findings in
the Dialafara area.

The previous litho-tectonic map of the KKI presents the Dialafara area as
composed by volcanoclastic rocks and metasediments (Figure 1(b)). This study

shows that in the Dialafara area, the lithology is diverse and composed by vol-
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canic and volcano-sedimentary rocks, metasedimentary units as well as plutonic
intrusion (Figure 9(d)). This complexity of lithology can be distinguishing in
aeromagnetic map, leading to areas on the map with different magnetization and
texture.

Combined with the structural measurements, the aeromagnetic data provide
sufficiently the structural framework in the Dialafara areas, where outcrop con-
ditions are very limited (Figure 9, Table 2). This structural framework is de-
fined by three phases of deformation (D, to Dp,) under ductile to brittle event.
The first phase is associated with a NW-SE striking tight to isoclinal shear folds
(F,) with an NW-SE axial planar and a dominant vergence to the SE. The second
phase is marked by a pervasive NNW to NE-trending structural corridors por-
traying map-scale faults and shear zones of the Dialafara area as well as the
upright to tight F, fold. The previous structures are crosscut by a set NW-SE and
NE-SW trending ductile-brittle to brittle faults, defining the third phase of de-

formation in the Dialafara area. Although, the dominant structural context was
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Figure 10. Integration of the Dialafara area with regional geology and tectonics into the
Kédougou-Kéniéba Inlier framework.
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mostly portrayed during the Dy, deformation event. The structural complex of
this area can be a potential target for mineral exploration as it is located between
the Sadiola deposit district in the north and the Loulo deposit district in the
south (Figure 1(b) and Figure 10).

This study provides an important detail concerning the litho-structural con-
text of Dialafara, showing the lithological and structural complexity of a zone
that appeared monotonous in previous studies (Figure 10). This shows that the
Falémé belt probably continues as far as the Mako belt, and that the Falémé belt
separates the two sedimentary series of Dialé-Daléma to the south-west and Kofi

to the east.

6. Conclusions

This study shows that the combination of field reconnaissance and magnetic da-
ta interpretation, leads to several discoveries. This work complements previously
published work enabling to portray a new litho-tectonic map of the Dialafara
area (Figure 9(d)).

Field work has shown that the Dialafara area is a complex lithological zone.
This was confirmed by aeromagnetic data as it is characterized by heterogeneous
magnetic signatures with high to low anomalies. The magnetic grain in the
aeromagnetic data combined with structural measurements in the field is inter-
preted to reflect deformed magnetic horizons. This combination permits to por-
tray a complex structural framework of the study area with three deformation
phases (Dp, to Dp;). The metallogenic nature and significance of these structures
have not been identified, but they should be a potential target for mineral pros-
pective as these structures could be a continuity of mineralized structures from

Loulo to Sadiola gold districts.
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