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Abstract

The northeastern region of Cote d’Ivoire is characterised by a granitic base-
ment mainly composed of biotite granite rocks. According to mapping work
in the Gbabédjou and Doropo areas, these Birimian granitoids are cut by
gabbro dykes and amphibolite enclaves, which are the subject of this study. In
order to better understand the role and the implication of mafic rocks in the
Doropo basement emplacement, a multidisciplinary methodology integrating
microscopic observations and geochemical analyses of major and trace ele-
ments was carried out on 4 samples considered representative of the outcrops
studied. Green hornblende, clinopyroxene, and accessory sphene minerals are
found in mafic mineral phases, according to petrographic research. Whole-rock
analyses reveal that mafic samples with TiO, contents < 2% are poor in Ti and
have both calc-alkaline and tholeiitic rock affinities. They are metaluminous
with A/CNK > 1.1 ratios giving them an orogenic granite nature (I-type).
Their REE patterns are moderately fractionated (La/Sm)y = 2.66 - 6.13 and
(La/Yb)y = 11.17 - 43.70) with a very negative Eu anomaly (Eu/Eu* = 0.75 -
0.97). The multi-element diagrams are characterized by negative Nb-Ta ano-
malies and geotectonic studies have identified them as volcanic arc forma-
tions. All these characteristics allowed us to distinguish the Doropo mafic
rocks as formations originating from the juvenile continental crust, emplaced
under the Archean tectonics model with significant crustal contamination in
the source. Magma driven by mantle diapir has been injected at the base of
the continental crust and the heat induces the partial melting of the overlying
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crust giving rise to mixed liquids. This magma now enriched in LILE was
immediately drained to the upper crust to form the mafic rocks from the stu-
died area.
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Doropo, Mafic Intrusive, Birimian, Crustal Contamination

1. Introduction

The Paleoproterozoic terrane of the Man-Leo Rise is described as greenstone belt
assemblages associated with several generations of granitoid [1] [2] [3]. The study
of the geodynamic setting of these Birimian-aged rocks has given rise to different
opinions that can be summarized in two main tectonic assumptions. Indeed,
some authors believe that the juvenile Birimian crust was produced in subduc-
tion-related environments [4] [5] [6] [7], while another school of thought sug-
gests that it was generated by magmatism related to mantle plume [8] [9]. In or-
der to provide arguments on the controversy related to the geodynamic evolu-
tion and growth of the Birimian continental crust, the mafic intrusives from the
Gbabédjou and Doropo localities in northeastern Cote d’Ivoire were analyzed.
This choice is based on the work of [10] who showed that to fully understand the
evolution and overall tectonic setting of the Birimian rocks, particular attention
should be paid to the mafic and ultramafic plutonic complexes and their asso-
ciated intrusives. The objective of this paper is to characterize the gabbroic rocks
of the Doropo region, using their major and trace element data. In other words,
by integrating field work, petrography and whole-rock geochemistry, the study
attempts to reveal the petrogenetic characteristics and implications of the mafic

enclaves and dykes in the structuration of the Doropo Birimian basement.

2. Geological Setting

The Man-Leo Rise represents the Precambrian formations outcropping in the
southern part of the West African Craton as two main domains (Figure 1). The
Kenema-Man core consists mainly of Archean terrains, ranging in age from ~3.4
to 2.7 Ga, outcropping in western Cote d’Ivoire [11] [12], Guinea [13] [14],
Sierra Leone and Liberia. In Cote d’Ivoire, this core is characterized by geologi-
cal formations of the high degree of metamorphism such as grey granulite gneiss,
charnockites, ultramafic rocks and granites [12] [15] [16]. Separated from the
Archean Kénéma-Man domain by the Sassandra fault, the Baoulé-Mossi do-
main refers to the “Birimian” formations that occupy the eastern part of the
rise. These terrains are consisting of belts of metavolcanic and metasedimen-
tary rocks intruded by different generations of granitoids [17]-[22]. Whole rock
geochemistry revealed that these different belts contain two main volcanic fami-

lies. A tholeiitic mafic volcanic series at the base that is overlain by intermediate
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Figure 1. Simplified geological map of the Man-Leo Rise (modified after [29]).

acidic volcanic series of a calc-alkaline composition. Even with little scientific
work the Doropo region, its geological setting can be apprehended, using the
numerous studies completed in the adjacent localities [3] [23]-[28].

Structural studies [1] in the south of Burkina-Faso show that the Paleoprote-
rozoic domain is composed of two greenstone belts oriented N-S, respectively,
known as, from east to west: 1) Boromo Belt whose continuity in Ghana gives
the Lawra Belt [3] and 2) Houndé Belt, which extends into Cote d’Ivoire as the
Téhini Belt.

Work in north-eastern Ghana has shown that late Birimian basins filled with
fine-grained sedimentary also occur in these belts. A sedimentary unit of the
Tarkwaian type lies within and parallel to the Houndé belt, separated by shear
zones on either side. These belts are separated by the Diébougou granitic domain
in Burkina-Faso, whose continuity in Cote d’Ivoire corresponds to that of Do-
ropo [23], which we call the Doropo Granitic Complex. This area was affected by
significant surface weathering and scarcity of outcrops, which hinder carto-
graphic surveying, mining exploration and therefore structural study. [30] has
identified many lithological groups: Biotite granite, gneissic granite, granodi-
orite, gabbro, amphibolite, tonalite, rhyolite and dolerite (Figure 2). Recent
works in the region, agree to distinguish four major groups of granitoids, cor-
responding to four magmatic episodes [1] [24]. The nature of these different
granitoids (ME1 to ME4 at regional scale, according to WAXI project research-
ers) was constrained by radiometric and satellite geophysical data [3] [24] [25]
[27].
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Figure 2. Geological map of Doropo area with location of analyzed samples.

3. Methodology

The study of the mafic intrusives of Doropo consisted of a sampling step fol-
lowed by thin section preparation and geochemical analyses from 04 representa-
tive samples taken in the localities of Gbabédjou and Doropo (Figure 2).

The thin sections and their microscopic description were carried out at the
Laboratory of Geology Mineral Resource and Energetic (LGRME) of University
Félix Houphouét-Boigny of Abidjan-Cocody. Geochemical analyses on whole-rock
were carried out by Bureau Veritas (Vancouver). In practice, major elements were
analyzed by X-ray fluorescence using an XRF while REEs and trace elements
were tested by inductively coupled plasma-mass spectrometry (ICP-MS) using
an Agilent 7700x mass spectrometer. For major elements, approximately 0.5 g of
the rock powder was mixed with ~3 - 6 g of Li,B,O,, and ~3 - 4 drops of NH,Br
was added and the mixture fused in a furnace to form a glass disk. The disks
were then analyzed using a current and voltage of 50 mA and ~50 kV, respec-
tively. To quantify trace elements, about 100 mg of crushed whole-rock powder
were dissolved in 2 ml HF and 1 ml HNO,; in a closed Teflon bomb, which was
heated on a hot plate at 140°C, then opened and subsequently evaporated to
dryness to remove silica. After evaporation all samples were subjected to three
steps of evaporation with decreasing HNO, quantities and at increasing temper-
atures up to 150°C to remove fluorides. Samples were then dissolved in 2%
HNO, and diluted shortly before analysis to a final dilution factor of ca. 5000.
Dilution factor were kept high to avoid detector saturation, and to minimize
drift which was corrected for by addition of doping elements, namely In and Bi, at
a concentration level of 1 ppb. The solutions were then analyzed using ICP-MS
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analyses and analytical uncertainties were 1% - 3% relative to elements present
in concentrations > 1 wt%, and about 10% relative to elements present in con-
centrations < 1 wt%. The instruments conditions are given in [31] and [32] while
quality control of the analyses required the use of standard samples (DSI11,
GS311-1 and GS910-4) and the accuracy was better than 1%. Data processing
and diagrams were done using GCD Kit 4.2 software [33].

4. Results

4.1. Petrographic Description

4.1.1. Gabbro
This lithological unit outcrops as a dyke through the biotite granite (Figure 3(a)
and Figure 3(b)).

It is a massive rock, dark green and crossed by quartz and pegmatite veins at
the contact zones with the granite. The thin sections analysis revealed a grained
texture where green hornblende is present in very large quantities (Figure 3(c)
and Figure 3(d)). This mineral appears under two habitus within the studied
samples. The first habitus results from the partial or complete secondary altera-
tion of clinopyroxene while the second, interstitial in size, appears igneous. The
plagioclases are strongly altered, giving rise to sericite and sometimes epidote.
Clinopyroxenes are less abundant and difficult to observe because of their altera-
tion. In the contact zones with biotite granite, the samples show accumulation of
biotite and quartz. Sphene and some ferro-titanium minerals remain the prima-

ry accessory phases.

Figure 3. Macroscopic and microscopic aspects of Doropo gabbros. (a) Dyke of gabbro;
(b) Gabbro sample in contact with biotite granite; (c) mineralogy of gabbro from Doropo;
(d) altered clinopyroxene. (Hb/ hornblende, Cpx: clinopyroxene, PF plagioclase, Ser: se-
ricite).
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4.1.2. Amphibolite
Amphibolite generally outcrops as enclaves in biotite granite or granodiorite.
This rock is also massive, green black and covered by a weak oxidation layer
(Figure 4(a) and Figure 4(b)).

It is crossed by small rectilinear or wavy quartz veins, giving the appearance of
a foliation. In terms of deformation, mineral lineation defined by hornblende
and schistosity have been observed in the oval enclaves. Thin section study
shows a medium-grained and nematoblastic texture (Figure 4(c) and Figure 4(d)).
Sub-euhedral green hornblende forms the main mineral phase of the rock. Pla-
gioclase exists throughout the rock in abundant quantities and is highly altered.
Clinopyroxene is less abundant and similar in size to hornblende. Numerous
small sphene crystals, sometimes included in the hornblende, constitute the primary
accessory phase, while sericite and epidote are partly related to the destabiliza-

tion of plagioclase.

4.2. Geochemistry of Doropo Mafic Intrusive

4.2.1. Classification

Table 1 gives the composition of major elements (wt%) and trace elements
(ppm) of the mafic rocks of the Doropo area. For the samples analyzed, SiO,
contents range from 48.00 to 50.80 wt% with the low values of loss on ignition
(0.72% - 1.23%). Most of the samples are characterized by moderate to high
Al,0; (9.29 - 17.40 wt%), and CaO (9.88 - 14.0 wt%) contents, and variable Na,O
(2.07 - 3.65 wt%) and P,O; contents (0.05 - 0.39 wt%) while TiO, concentrations

Figure 4. Petrographic aspects of the Gbabédjou amphibolite. (a) Enclaves of amphibolite
in biotite granite; (b) Rectilinear and wavy quartz-veins giving a foliation appearance; (c)
and (d) mineral composition of GBA-6 dominated by hornblend and plagioclase. (Hbf#
hornblende, Cpx: clinopyroxene, P/ plagioclase, Ser: sericite, Opg: opaque minerals).
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Table 1. Major (%) and trace (ppm) elements composition of mafic rocks from Doropo.

Rock type Gabbro Amphibolite
Sample number RHO3 RHO5a RHOS5b GBAG6

Major elements (wt%)

Sio, 50.30 50.80 49.90 48.00
ALO, 17.40 9.29 13.70 15.10
Fe,O, 8.70 9.47 8.19 13.30
MnO 0.13 0.17 0.15 0.20
MgO 6.54 11.10 9.40 6.14
CaO 9.88 13.90 14.00 10.30
Na,0 3.65 2.07 2.28 3.52
K,0 1.05 0.47 0.45 0.89
TiO, 0.68 0.97 0.54 1.26
P,0, 0.05 0.39 0.10 0.11
LOI 1.23 0.99 1.17 0.72
Total 99.61 99.62 99.88 99.54
Mg# 0.46 0.57 0.56 0.33

Trace elements (ppm)

Ba 278 412 103 452
Co 8.3 7 44.7 6.8
Cu 25.4 259 75.3 41.4
Ga 22.6 19.8 10 18.1
Hf 4.1 5 1.9 6.7
Nb 6 6.7 3.8 17.8
Ni 7.9 5.4 20.4 5
Pb 1.8 1.4 1 2.6
Rb 61.6 69.2 17.5 70.5
Sr 469.6 466.8 277.2 413.1
Ta 0.5 0.6 0.2 2
Th 2.4 3.5 0.9 9.3
U 1.2 0.8 0.7 2.8
\Y% 53 37 208 43
Y 19.8 7.5 27.9 21.6
Zn 63 83 19 77
Zr 180.3 210.6 72.7 270.2
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Continued

La 33.6 35 353 53.5
Ce 44.4 64.8 52.9 97.3
Pr 7.27 6.89 10.03 10.48
Nd 28.7 24 42.2 38.7
Sm 5.49 3.59 8.35 6.27
Eu 1.55 0.98 2.04 1.42
Gd 5.47 2.68 7.84 5.4
Tb 0.71 0.36 1.03 0.74
Dy 3.68 1.67 5.51 3.95
Ho 0.65 0.26 0.98 0.69
Er 1.69 0.72 2.45 1.89
Tm 0.2 0.08 0.31 0.25
Yb 1.16 0.54 2.13 1.5
Lu 0.19 0.08 0.3 0.22

REE 134.76 141.65 171.37 222.31

remain below 2%. On Mg# [i.e. ratio of MgO/(MgO + FeOt)] values, all Doropo
mafic rocks range from 0.33 to 0.57. The TAS diagram applied to the mafic rocks
of the study area, allows to identify them as gabbros (Figure 5(a)). However, the
amphibolite is alkaline and the gabbros correspond to sub-alkaline rocks ac-
cording to the subdivision of [34]. In the FeOt/MgO vs SiO, diagram of [35],
two evolutionary trends are highlighted by the studied samples (Figure 5(b)).
The gabbros follow a calc-alkaline evolution while the amphibolite indicates a
tholeiitic affinity. The A/NK vs. A/CNK diagram of [36] characterized the Do-
ropo mafic intrusives as “metaluminous” rocks (Figure 6). Following this classi-
fication, no peraluminous or peralkaline mafic rocks were identified in the study

area.

4.2.2. Geodynamic Context

The TiO,-10 * MnO-10 * P,O; ternary diagram of [37] shows that the mafic
rocks of Doropo have the character of Island-type environment (Figure 7).
Samples GBA-6, RHO-3 and RHO-5b are thought to be arc tholeiites while the
RHO-5a gabbro is thought to be a calc-alkaline basalt.

4.2.3. Trace Elements Distribution

The gabbros have Rare Earth Elements contents (XREE) between 135 and 171
ppm and are characterized by slightly parallel patterns. Amphibolite GBA-6 with
high concentrations of La and Ce has XREE = 222 ppm and its REE pattern re-
mains similar to that of the gabbros (Figure 8). In general, the gabbros are high-
ly fractionated, LREE-enriched [(La/Sm)y = 2.66 - 6.13] and moderately
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HREE-depleted [(La/Yb)y = 11.1; 7 - 43.70] with a negative Eu anomaly trans-
lated by Ew/Eu* = 0.75 - 0.97. For the gabbros, there is also a negative anomaly
in Ce [with Ce/Ce* = 0.78 - 1.14]. From multi-element diagrams normalized to
the early mantle [38], the Doropo mafic rocks are characterized by strong nega-
tive anomalies in Nb, Ta, P, Ti (Figure 9). Enrichments are reflected by U and
La. These different geochemical signatures of the mafic rocks suggest significant

crustal contamination.
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5. Discussion

Petrographic studies carried out in northeast of Cote d’Ivoire have highlighted
the existence of mafic rocks in the granitic domain of the Doropo region [30].
These rocks, composed of gabbro dykes and amphibolite enclaves are characte-
rized by a paragenesis mainly composed of green hornblende, plagioclase and
clinopyroxene. This mineralogical composition is typical of mafic rocks de-
scribed in the Birimian domain of the West African craton [10] [40] [41] [42].
The secondary paragenesis (epidote-sericite-hornblende) would be related to
hydrothermal alteration or retrograde metamorphism of the Birimian massifs.
On the basis of their SiO, and alkaline contents, most of these mafic rocks may
be classified as gabbro, with calc-alkaline to moderately tholeiite affinity. Sample

GBA-6 shows TiO, contents (1.26 wt%), which can be explained in terms of an
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accumulation of ilmenite, titanite or hornblende. In fact, abnormal abundance of
a TiO,-rich phase (hornblende specially) is petrographically observed in the
gabbro samples from Doropo. Magmatic rocks derived from primary magma
generally have high MgO, Mg#, and Ni contents (~15 wt%, >0.7 and >500 ppm,
respectively). In contrast, samples from the study area show variable MgO (6.14
- 11.10 with an average of 8.3 wt%) and Ni < 50 ppm (Table 1). These data indi-
cate that the Gbabédjou amphibolite and Doropo gabbros underwent a mag-
matic differentiation process before emplacement [43]. Regarding the magmatic
source attributes of the studied rocks, their TiO, contents below 2%, similar to
the mafic formations of the south-western Iberian massif [44], allows them to
be interpreted as Ti-poor basalts. Similarly, the Zr/Ti ratio = 0.01 of the
GBA-6 amphibolite and its Ni content = 14.8 ppm suggest an ortho-derivative
magmatic origin according to [45]. The geochemical study also reveals that
the Gbabédjou and Doropo samples have two possible lineages: tholeiitic and
calc-alkaline. This is in agreement with the work of [46], [40] which in the Pa-
leoproterozoic domain identify bimodal volcanism. The behaviour of immobile
elements within the Doropo mafic rocks provides an argument that concerned
samples do not represent a real composition of mantle-derived, probably re-
flecting that most of them must have undergone crustal contamination [44] [47].
In fact, mafic rocks are typically characterized by flat rare earth pattern with
HFSE enrichment. However, the Doropo studied rocks are enriched in lithophile
elements and slightly depleted in HFSE with negative anomalies in Nb-Ta espe-
cially reflecting crustal contamination. Also, with an average Nb/Yb ratio well
above 2.95 characteristic value of E-MORBs according to [38] these rocks would
be more favorable to the assumption of an oceanic crust or mantle source with
crustal contamination [43]. In the La/Ba vs. La/Nb diagram (Figure 10), most
samples fall outside the oceanic island basalts (OIB) indicating a lithospheric af-
finity or influence of crustal material during the formation of the Doropo basalts
[43].

MORB

04 L oIB ™

La/Ba

Y% GBA-6
001 ¢ @® RHO-3
F # RHO-5a
¢ RHO-5b

\A Crustal contamination

0.001

0.1 1 1Io
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Figure 10. La/Ba vs La/Nb diagram showing the petrogenetic features of the Doropo
mafic intrusive. Most of the samples plot in areas far from that of Ocean Island Basalts
(OIB).
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In other words, crustal contamination appears to have played an important
role in the formation of these mafic intrusives. Based on trace element distribu-
tion and geotectonic evolution, we suggest that crustal contamination occurred
in a subduction zone or during diapiric uplift in an Archean-type tectonic set-
ting [11] [18] [48] [49] [50]. [23] showed that the rocks of this Birimian part of
Cote d’Ivoire have TTG affinities, suggesting that their contamination would
have occurred in an Archean-type geodynamic context. Indeed, the study area,
characterized by a granite basement with fracture deformation giving rise to nu-
merous dykes, is located between two large greenstone belts (Téhini and Lawra)
corresponding to lithospheric structures [17] [51]. After the emplacement of the
granitoid that constitute the Doropo Birimian basement, mantle-derived mag-
ma, driven by a diapir, is thought to have been injected at the base of the conti-
nental crust with an Archean TTG affinity [11]. The heat supplied by the basic
liquid induces partial melting of the overlying crust giving rise to crustal anatec-
tic liquids [52] [53]. These mixed incompletely with the basic component to give
a contaminated magma enriched in lithophile elements, which was promptly
drained to the upper crust to form the mafic “tholeiite” intrusives in the Doropo
area. Also, this same magma, progressing slowly through the numerous dykes,
has undergone both differentiation by fractional crystallization and significant
mixing under the effect of flow in the rather narrow conduits. This would have
allowed the formation of a second magma that was clearly more differentiated
and more homogenized. This magma is thought to be the source of the
“calc-alkaline” intrusive in the Doropo area. Similarly, referring to the work of
[1] in the area of Gaoua, the hypothesis of crustal contamination during a hori-
zontal tectonic regime particularly in the subduction modern-type zone would

also seem probable for the Doropo rocks.

6. Conclusion

The mafic rocks of the Doropo area consist of gabbro and amphibolite outcrop-
ping as dykes and enclaves. These lithological units are characterised by mine-
ralogy: hornblende, plagioclase, clinopyroxene, epidote, sericite, sphene and fer-
rotitanium minerals. Despite the existence of a secondary paragenesis due to the
alteration of plagioclase and hornblende, the Gbabédjou amphibolite with Zr/Ti
ratio = 0.01 and Ni = 14.8 ppm indicates a magmatic origin. Their Mg# range
between 0.33 - 0.57 confirm that the studied sample is not cumulate but has low
Ti-basaltic affinity. The distribution of trace elements shows that Doropo mafic
intrusive are poorly enriched in HFSE and depleted in Nb, P and Ti, which are
characteristic features of crustal contamination. Regarding geodynamic em-
placement, the mafic rocks from Doropo correspond to crustal materials that
evolved in an Archean-type geodynamic context. Magma driven by mantle di-
apir has been injected at the base of the continental crust with an Archean TTG
affinity and the heat induces the partial melting of the overlying crust giving rise
to mixed liquids. This magma enriched in lithophile elements was immediately
drained to the upper crust to form the most of mafic rocks from the studied area.
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