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Abstract

Located in Southeastern Chad. The Iro lake offers a great opportunity for the
study of Precambrian formations and their Phanerozoic cover. Pluton is a Cal-
alkaline granite. Due to its geographical location and geological features, it
holds crucial information for understanding the evolution of the Saharan Meta
craton (central Africa), which remains poorly studied. One of the objectives is
to map the formations Precambrian age in Southeastern Chad. Based on the
petrographic and geochemical results, we identified granitoids of pan-African
age (biotite granite, aplite granite and pegmatite granite). This Precambrian
basement is covered with sedimentary formations (clays, argillites, lateritic cui-
rasses, etc.). The mineral assemblage is characteristic of acid rocks. Geochem-
istry reveals rocks with a high SiO, range (62% - 77%) giving sub-alkaline to
calc-alkaline acid rocks with high k (4.62% to 6.39%). The granitoids are clas-
sified as S-type hyperaluminous granites. This classification is supported by
the presence of peraluminous minerals (e.g., muscovite) within the Iro gran-
itoids, which also have high (>1%). Geochemical variation within the granites
is largely due to extensive crystal fractionation. The Pattern of REEs normal-
ized to the primitive mantle shows a pronounced negative Eu anomaly, re-
flecting the crystallization process and fractional crystallization of plagioclase
in the rock, and a positive Yb anomaly. The role of plagioclase fractionation
was relatively major during the earlier intrusive stages (consistent with the
presence of Eu anomalies) and slightly increased, together with biotite and K-
feldspar fractionation, during the later (granitic) rock crystallization. The Pat-
tern of the spider normalized to MORBs shows two pronounced negative
anomalies in TiO, and Cs and a slight negative anomaly in Ba. The loss of Ba,
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Tiand Cs may be caused by the plagioclase fractionation, apatite and ilmenite
crystal. The Ba anomaly is also controlled by the presence of K-feldspar and
mica. The observed Ti anomalies are due to the fractionation of magnetite in-
dicating a subduction environment (or remelting of a source from a subduc-
tion environment).
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1. Introduction

Granitic rocks are intensively studied because they form in a variety of tectonic
settings and thus provide important clues to the growth and reworking of conti-
nental crust and to regional tectonics and geodynamic processes [1]-[3]. Most
granites form by melting pre-existing continental crust, supplemented in many
cases, by a contribution from the mantle, especially in continental arc systems [4]
(5].

Highly fractionated granites (>73 wt.% SiO,) commonly have petrographic and
geochemical features similar to the haplogranite (near minimum-temperature
melt). It is difficult to discriminate their magmatic sources, origin and petrogen-
esis [6]-[8]. [9] proposed an I- and S-type granite classification scheme that relates
granites to source rock compositions and suggested that I-type granites are mainly
metaluminous and are generally derived from meta-igneous source rocks, whereas
S-type granites are strongly peraluminous and generated by the partial melting of
metasedimentary source material. The granites of Iro Lake are dated between 580-
575 Ma, less than 20 Ma after the peak of metamorphism linked to arc accretion-
collision [10]. This demonstrates a rapid change in magma sources and geody-
namic setting at the end of the Ediacaran in southern Chad [11].

The geological formations have been the subject of limited study, however, ex-
Isting research remains insufficient. Thus, it is important, even urgent, to deepen
scientific research on these geological formations very complex. The most im-
portant problem is to research the origin of the granitoids which crop out at the
edges of this supposed meteoritic lake [12] from petrographic and geochemical
studies. Recent work [11] during the GELT project included description of the
geological environment of the lake, assessment of its putative impact crater origin
[12], characterization of its sedimentary filling and determination of the hydro-
logical and hydrogeological features of the area [13]. The geology of the S-SE re-
gion of Chad is relatively unknown due to its geographical isolation and the large
extension of laterite and recent sediment cover [11]. Here, we present new petro-
graphical and geochemical, data for the granitic rocks of these five plutons, and
use these data to: 1) determine the nature of the sources for the S-type granites, 2)
determine the genetic relationship between these granites, and 3) give our contri-

bution to understanding of this geodynamic chain.
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2. Location and Geological Setting of the Study Area

The department of Iro Lake is located in the South-East of Chad in the Moyen-
Chari region as shown in Figure 1. The area of the Department of Lake Iro is
17,800 km?* and that of Iro Lake is 455 km? The study area covers two villages,
namely: Karou, which is located in the North-West of the lake, has coordinates
N10°12'/E19°19"' and Massadjanga, to the South of the lake, N10°00'/E19°23'".
Chad is part of the Pan-African Mobile Zone of Central Africa which extends
from Hoggar in the North of Congo and from West to East from the West African

craton to the mobile zone of East Africa [14].
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Figure 1. Map of the study area.

The knowledge of geology of Iro Lake region results from the collision between
the Congo craton, the West African cratons and the hypothetical Nilotic blocks at
Eastern Sahara between 900 and 550 Ma [15]-[20].

According to [14] [21] [22] the Chad region was tectonically stable after the Pan-
African Orogeny, and sedimentary formations accumulated over most of its terri-
tory during the Palaeozoic. [23] conclude that magmatism was structurally con-
trolled by Pan-African suture zones that were reactivated during the opening of the
central Atlantic Ocean. In large lines, the Chadian subsoil is made up of crystalline
rocks formed and/or influenced by Pan-African orogeny (Precambrian Basement).
This basement was formed during the Pan-African orogeny that took place towards
the end of the Precambrian (700 - 550 Ma) [24] [25]. This pan-African event rep-
resents the last active orogeny in Chad [26], [27]. The rocks formed are influenced
by this event and make up the bulk of the crystalline massifs found in the Tibesti
in the north, the Ouaddai in the east, the Guera in the centre, the Mayo-Kebbi in

the south-west and Baibokoum in the south [5] [26]. Previous work carried out in
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the region focuses on rec pedological and hydrogeological research and a very first
pioneering work on geology. Two large geological units stand out in the Iro Lake
department: the rocky points of the base, the armors and the ancient sedimentary
[28]. According to [11] the Lake Iro granites thus represent the oldest of a series of
post-collisional igneous associations exposed in southern Chad and nearby coun-
tries which, collectively, show that the amalgamation of the constituent blocks of
the southern Saharan Metacraton is older than 580 Ma.

In the west center of this department, the rocky points form real small massifs:
Bon, Zan and Goumé. Elsewhere, the distribution is more heterogeneous, it ranges
from true pointing to simple outcropping. From North to South, we will also cite
a few more important points: Toumoudi, Adja, Ibir, Aya, Karou, and Massadjanga
as shown in Figure 2. These granites are generally calc-alkaline. The young gran-
ites of Bombouri, on the edge of the western map of Iro Lake, represent the most
alkaline of the central massif in Chad. The massifs or rocky points appear in the

form of inselbergs or in piles [28].
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Figure 2. Geological Map of the study area after [29].

3. Material and Methods

The material includes field data (samples), laboratory data and satellite images
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(Image 1, Image 2) were used. The first phase consisted of the collection of field
data, through sampling of granitoids, samples were selected based on their geo-
graphical distribution within the pluton (Figure 3) in Massadjaga and Karou ar-
eas. The difficulty assessing the area during field work is due to the geographical
isolation and the large extension of laterite. The preparation of twelve (12) thin
sections at the Module Roche in the Laboratory of CEREGE, Aix En Provence
(France) made it possible to determine the petrographic characteristics of granit-
oids. Geochemical analyses were carried out by the ICP-ES (Inductively Coupled
Plasma-Emission Spectrometry) for the major elements and some minor elements
and by the method ICP-MS (Inductively Coupled Plasma-mas Spectrometry), for
trace elements and minors, at the CRPG (Petrographic and Geochemical Research
Center) in Nancy/France.

The main advantage of ICP-MS is its analytical capacity, its speed (7 minutes/sam-
ple for 40 elements), its precision is one part per trillion (1 ppt = 10 - 12 g/g) and
measurements of concentrations of trace elements with an error of 10% to 15%
[29]. Also made it possible to clarify the petrographic nature, and environments

of the establishment of these granitoids.

Googleeartt

Image 1. Satellite image of Karou (Source Google Earth).

Google eaith

Image 2. Satellite image of Massadjanga (Source Google Earth).

4. Results

Field relationship and petrography

The plutonic formations that constitute the rocks of the study area are granit-
oids as shown in Figure 3. Coarse-grained granites, fine-grained granites and ap-
lites outcrop in the form of granitic chaos, ball granites and slab granites. These

different granite outcrops give fine-grained and coarse-grained granite types con-

DOI: 10.4236/0jg.2025.152004

91 Open Journal of Geology


https://doi.org/10.4236/ojg.2025.152004

L. Tekoum et al.

taining dominant minerals such as quartz, feldspar, orthoclase, and biotite as well
as fractures. From a petrographic point of view, the facies differ from each other
ranging from very fine grains (aplite) to coarse grains (porphyries) and biotite
granites. The field campaigns made it possible to observe: granites, aplites and
pegmatites. According to the objectives set, granites are described in more detail

than aplites and pegmatites.
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Figure 3. Map of sampling.

4.1. Petrographic Characteristic of Granites

4.1.1. Fine-Grained Granite
Macroscopic description
The fine-grained granite outcrop has the geographical coordinates N10°00,
E19°23 with an altitude of 831 m south of Lake Iro (Massadjanga village). The struc-
ture is micro-grained to fine-grained but has two facies. Sample 16IRO 02. The
dominant minerals are: quartz, biotite, orthoclase and feldspar. Structurally the di-
rections observed on the fractures are N53° 85N'W and N60° 85N'W (Figure 4(a)).
Microscopic description Fine-grained granite has a microgranular texture.
Mineralogically, the rock is composed of quartz, plagioclase, alkali feldspar, and
biotite (Figure 4(b)) and is also composed of accessory minerals such as zircon,
sphene and oxides. Alkali feldspars (35% - 45%) Alkali feldspars are composed of
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microcline and orthoclase. Microcline is easily identified by the pericline twin on
its edges while orthoclase, in elongated sections, is recognized by the Carlsbad
twin. Orthoclase also occurs in the form of automorphic to subautomorphic areas
of approximately a few millimeters in size containing opaque inclusions. Quartz
(20% - 25%) occurs in the form of subautomorphic to xenomorphic crystals of
medium size. Some quartz crystals are in interstitial form but others occur as
quartz aggregates most often found on the edge of feldspars. Plagioclase (15% -
20%) is automorphic to subautomorphic, colorless and cloudy in appearance due
to the phenomenon of alteration. Plagioclase crystals have Carlsbad twins. Their
size is medium containing opaque inclusions. Biotite (5% - 10%) occurs in the
form of flakes with a fine and regular cleavage. The color of biotite is yellowish-
brown. Biotite has a size that varies between 0.15 to 0.30 mm and has inclusions
of opaque minerals, apatite and zircon as well as some biotite flakes that alter into
chlorite.

Figure 4. (a) Microgranite pink, (b) Microgranite-dominated thin portion. Qtz: quartz; pl:
plagioclase; Or: orthose; Bt: biotite.

4.1.2. Coarse-Grained Granites

Macroscopic description at the outcrop, coarse-grained granites occur in the form
of balls, slabs and granitic chaos to the NW of Lac Iro (Karou village) with coor-
dinates N10°12, E19°19. It should be remembered that these rocks contain basic
enclaves, quartz veins and pegmatites in places (Figure 5(a)). They are yellowish-
gray in color and sometimes altered with a grainy texture whose observable min-
eral size is greater than 5 mm. Coarse-grained granites are composed in particular
of quartz, alkali feldspar, plagioclase and biotite (Figure 5(b)).

Microscopic description Coarse-grained granites have a grainy texture. They
are composed mainly of plagioclase, quartz, alkali feldspar, biotite, sphene; opaque,
and apatite.

Plagioclase (25% - 30%) Plagioclase is Carlsbad twinned, polysynthetic and of
low relief. This mineral shows overall subautomorphic to xenomorphic crystals of
size varying between 0.1 mm to 0.5 mm. It occurs in the form of elongated areas

showing inclusions of apatite and opaque.
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Figure 5. (a) Granite with circular enclave, (b) Portion of thin blade with granular texture
dominated by quartz. Qtz: quartz; pl: plagioclase; Bt: biotite.

Quartz (20% - 25%) occurs as xenomorphic crystals slightly larger than plagio-
clase. Some are found as fine quartz grains in the interstices of orthoclase, plagio-
clase and biotite sections. Alkali feldspar (10% - 20%) identified is orthoclase. Or-
thoclase occurs as medium-sized, automorphic to subautomorphic crystals. It is
Carlsbad twinned and cloudy in appearance. Some crystals are perthitic and show
cracks filled with fine quartz grains but apatite and opaques are found as inclu-
sions. Biotite (15% - 10%) occurs as medium-sized, yellowish-brown flakes. Cleav-
ages are fine and regular. Opaque minerals are arranged along the cleavages. Bio-
tite contains zircon as inclusion and alters to chlorite. Apatite occurs as clear elon-
gated sections or as medium-sized stocky sections. It occurs as inclusion in alkali
feldspar, plagioclase and biotite crystals.

Opaque minerals appear as brown-colored automorphic crystals abundant in
the rock. These crystals are inclusions in plagioclase, feldspar and biotite crys-
tals.

4.1.3. Biotite Granite
Macroscopic description. Biotite granites are described in the village of Karou
located in the NW of the lake, N10°12/E19°19 and in Massadjanga located in
the South of the lake, N10°00/E19°23. They outcrop in slabs, granitic chaos and
metric to decametric balls, but generally in the form of large massifs dominating
the edges of Lake Iro. These are rocks with a grainy to micrograined texture,
sometimes with a porphyritic tendency. They are generally composed of plagi-
oclase, alkali feldspars, quartz, and biotite. At the outcrop, these granites have a
gray to brown color with a dark gray weathering patina and are crossed by
quartz-feldspathic veins. Aplites are also highlighted in these biotite granites
(Figure 6(a)).

Microscopic description. The texture of biotite granites is granular to mi-
crogranular porphyritic with jointed crystals. They have plagioclase phenocrysts

of size that varies between 0.03 mm and 1.5 mm. Their mineralogical composition
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is mainly quartz, plagioclase, alkali feldspar, biotite and muscovite (Figure 6(b)).
Accessory minerals are opaque, sphene and apatite as well as secondary minerals

such as chlorite.

Figure 6. (a) Biotite granite from NW of Lake Iro, (b) Portion of thin section of coarse-
grained texture of biotite granite. Qtz: quartz; pl: plagioclase; Or: orthose; Bt: biotite.

Alkali feldspars (35% - 45%) are essentially composed of microcline and ortho-
clase, the orthoclase of which is in automorphic to xenomorphic sections of vary-
ing size with Carlsbad twins. Quartz (25% - 30%) is in the form of xenomorphic
crystals. The crystals are of medium size. It sometimes occurs in aggregates of
contiguous crystals arranged in the interstices left by the alkali feldspar and plagi-
oclase.

Biotite (10% - 15%) occurs in subautomorphic flakes, striated by very fine and
regular cleavage with an average size and yellowish-brown color. The biotite sec-
tions are oriented in the rock. It is in inclusions in the large crystals of alkali feld-
spars. Biotite is destabilized and altered into chlorite. Plagioclase (5% - 10%) oc-
curs in the form of large, medium-sized, automorphic to subautomorphic crystals.
It presents the twinning of polysynthetic albite. Some crystals have quartz grains
in contact with alkali feldspar. Plagioclase contains opaque inclusions and alters
into epidote. Sphene is in small, corroded diamond-shaped sections. It is attached
to biotite flakes. Apatite occurs in the form of small rods scattered abundantly in
the rock. Opaque minerals appear in the form of automorphic to xenomorphic

dark brown.

4.2. Geochemical Characteristics of Granites

Geochemical study of the main granitoids with the aim of comparing to groups
of known rocks. Representative rock samples were analyzed (major elements,
traces and rare earths) at the Petrographic Research Center and Geochemical

(CRPG) of Nancy/France. In total, 12 samples of granitoids including 06 to Mas-
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sadjanga (Iro 04, Iro 08, Iro 09, Iro 15, Iro 17 and Iro 18) and 06 in Karou (Al,
A2, A3, A4, A5 and A6) with respectively a Loss on Fire (PF) of 0.6% to 0.5%
were analyzed (Table 1).

Table 1. Chemical composition in major elements (% by weight) of representative samples of granite of Iro Lake.

Al A2 A3 A4 A5 A6 Iro04 Iro08 Iro09 Irol5 Irol7 Iro 18

% % % % % % % % % % % %
Si0, 74.72 68.92 68.38 74.74 77.04 7418  69.55 68.47 6190  68.53 75.35 71.92
TiO2 0.14 0.66 0.76 0.14 0.09 0.15 0.64 0.54 1.49 0.38 0.05 0.09
ALOs 13.02 13.23 13.04 12.82 12.68 12.77  13.55 14.56 12.95 15.09 13.45 14.48
Fe 03 2.07 4.93 5.66 1.85 1.00 2.26 4.86 4.09 9.44 3.64 0.77 1.06
MnO 0.04 0.07 0.08 0.03 0.02 0.04 0.08 0.06 0.16 0.07 <L.D. 0.02
MgO 0.10 0.55 0.65 0.10 0.07 0.07 0.53 0.44 1.62 0.52 0.03 0.09
CaO 0.88 1.91 2.18 0.68 0.83 0.83 1.91 1.27 3.52 1.97 0.71 1.16
Na;O 3.30 3.09 3.12 3.11 3.07 3.25 3.16 3.16 2.76 3.76 3.83 3.40
K0 5.35 5.27 4.92 5.42 5.20 5.31 5.48 6.39 4.63 5.67 5.72 6.11
P20s <L.D. 0.23 0.32 <L.D. <L.D. <L.D. 0.23 0.23 0.64 0.14 <L.D. <L.D.
LOI 0.78 0.72 0.65 1.10 0.29 0.75 0.62 1.00 0.97 0.66 0.73 0.71
Sum 100.40 99.61 99.75 99.99 100.29 99.60 100.59 100.20 100.07 100.41 100.65 99.03

The Na,O + K;O vs SiO, diagram of [30] adapted to plutonic rocks (Figure 7)
reveals at first glance that all granitoids are acidic with one exception (one sample
falls in the Intermediate domain) and that they are located in the field of sub-
alkaline rocks: these are subalkaline acid rocks.

16 T T T
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Figure 7. The Massadjanga and Karou granites, in the Na:O + K;O vs SiO. diagram. The
straight line limiting the fields of alkaline and sub-alkaline rocks is from Irvine and Baragar
(1971).
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In the K,O vs SiO, diagram (Figure 8). All samples have behavior of high K and

plot to the cal-alkaline field characteristic of the subduction zone.

6
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3
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0 1 1 I I
40 50 60 . 70 80
Si,0 (%)

Figure 8. K»O vs SiO: diagram from [31] applied to the Karou and Massadjanga granites.
The ligne limits are from [31] and the bands are from [32].

In the A/CNK (mol.) vs SiO, diagram, the Karou and Massadjanga granites with
an A/CNK ratio > 1 are hyperaluminous (Figure 9). These granitoids are of type
S, i.e. they are derived from magma originating from the fusion of igneous rocks
[33].

1.5
1.4 °

! ]
13 5., . Legend

1.2 °

1] f= = = - . - -
Hyperaluminous | A

1

® Massadjanga serie

® Karou serie

18
M T
g
ol E Si0,(%)
60 65 70 75 80

Figure 9. Projections of the Massadjanga granites and the Karou granites in the A/CNK
(mol.) vs SiO2 (%), diagram (A/CNK = ALOs/(CaO + Na.O + K;O) with A = ALOs; C =
CaO; N = Na;0 and K = KO [33].

4.2.1. Major Elements Analysis
Massadjanga granites

Chemical analysis shows that the Massadjanga granites show a high content of
SiO; (75.35%), Al,O; (15.09%), Fe,Os (9.44%), K,0O (6.39%), Na,O (3.83%), CaO
(3.52%), MgO (1.62%) and TiO, (1.49%) but they have a low content of MnO
(0.16%) and P,Os (0.64%).

Karou granites

The Karou granites have a high content of SiO; (77.04%), ALLO; (13.23%), Fe,Os
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(5.66%), K,O (5.35%), Na,O (3.30%), CaO (2.18%) but a low MnO content
(0.08%), MgO (0.65%), TiO; (0.76%) and P,Os (0.32%).

The high contents of SiO; and alkaline (Na,O + K;O = 6.55% - 9.55%) show a
significant fractionation of plagioclase and alkali feldspar. Fe;Os, MgO and TiO,
fractionate in biotite, TiO, and CaO fractionate in apatite P,Os and Fe,O; frac-
tionate in opaque minerals as well.

Hacker diagrams AL Os, CaO, MnO, Na,O, K;O vs SiO; identify two groups of
rocks: the group of Massadjanga microgranites and Karou granites. The P,Os,
TiO, and MgO diagrams show a single group of rocks composed of microgranites
from Massadjanga and granites from Karou. The only Fe,O; diagram shows also
a group made up of Massadjanga granites and Karou granites with a tendency

negative development. The set of diagrams defines a negative trend as shown in

Figure 10.
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Figure 10. Hacker diagram showing the evolution of major elements as a function of SiO.. The solid blue circle denotes the Mas-

sadjanga granites and the solid red circle denotes the Karou granites.

4.2.2. Trace Elements Variation
The description of trace elements takes into account Zr, Y, Rb, Cr, Sr and Zn (Ta-
ble 2).

The Masssadjanga granites are rich in Zr (271 ppm), Cr (180 ppm), Zn (137
ppm), Y (110 ppm), Rb (85 ppm) and Sr (81 ppm). The Karou granites are char-
acterized by their richness in Zr (270 ppm), Cr (180 ppm), Zn (136 ppm), Y (128
ppm), Rb (88 ppm) and Sr (79 ppm).

The Hacker diagrams (Cr, Zr, Sr, Rb and Y) vs SiO, do not show two groups of
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rocks the Karou series and the Massadjanga series. Zr, and Zn, have a profile of
almost identical evolution with two negative sloping parts. The Y, Cr and Sr have
a only part with negative slope. The Rb presents a part with a positive trend. The
behavior of Sr shows its substitution by Ca in plagioclase and alkali feldspar. It is
incorporated in apatite and sphenes. That of Rb is incompatible with the fraction-

ation of plagioclase and biotite.

Table 2. Chemical composition in Traces elements (% by weight) of representative samples of granite of Iro Lake.

Al A2 A3 A4 A5 A6 Iro 04 Iro 08 Iro 09 Iro 15 Irol7 Iro 18
ppm  ppm ppm ppm  ppm ppm ppm ppm ppm ppm ppm ppm
Be 77,994 60,331 56,202 70,429 3,234 82,083 5215 42,592 39,377 4.27 73,895 33,904
V 17,618 21,412 264,035 26,034 1617 12,778 221,675 180,562 586,328 117,184 11,163 16,443
Co 0.9503 4732 55,294 0.7798 0.804 0.7524 45,483 36,676 12,215 36,276  0.4133 0.7577
Ni 22,225 34,816 37,111 <LD. <LD. <L.D. 30,794 23,268 77,146 26,691 <L.D. <L.D.
Ga 25,051 27,128 247,855 24,096 20.25 265,494 243,989 249,373 247,089 230,699 258,146 239,757
Rb 364.28 246.57 210,873 346.95 203.9 343,209 2,157,064 2,478,668 1,898,393 1,924,955 482,636 1,793,811
Y 70,213 73,686 761,026 48.62 6934 698,744 630,338 356,017 811,671 412,318 525,499 129,356
Nb 26,042 29,383 293,275 25.86 3582 265,025 24,776 211,981 447,422 165,217 332,945 4114
Cs 34,141 61,564 46,851 36,462 3.03 40,869 47,928 44,152 30,828 3656 49,103 18,966
Ba 446.11 1131.8 1137.63 438.75 1280 488,363 13,902,897 16,932,457 1,538,507 1,391,537 845,779 16,505,844
La 109.23 216.85 979,624 84,613 41.64 116,293 823,331 590,259 905,845 534,101 130,007 433,197
Ce 211.01 403.13 219,672 162.05 84.62 234,716 1,892,684 1,659,857 2,089,072 1,049,163 295,814 738,882
Pr 22,631 42,646 262,206 17,518 6902 25,321 216,459 168,359 273,887 115,722 46,048 77,341
Nd 76,034 142.67 102,794 58,317 21.06 872,302 838,975 634,136 1,125,345 428,618 186,996 263,991
Sm 13,297 23.18 204,172 10,409 2751 160,204 170,964 123,291 229,377 7978 49,655 42,316
Eu 10,518 26,351 27,453 0.9398 2169 12,178 26,205 22,485 35,863 28,734  0.3951 30,063
Gd 10,219 17,204 16,298 80,762 1892 123,397 133,882 89,688 18,228 67,564 50,372 31,197
Dy 9893 14,101 143,615 78,815 136 113,005 118,705 76,697 157,733 64,229 66,078 24,027
Ho 2173 27,518 28,448 16,699 0.266 23,394 23,517 1455 31,031 14,089 15,944 0.4784
Er 64,421 73,781 76,652 49,335 0.745 68,004 62,846 38,676 8.18 40,709 52,545 13,345
Tm 0.9852 10,351 10,647 0.769 0.116 10,537 0.8838 0.5486 11,292 0.6062  0.9659 0.1999
Yb 69,776 69,743 71,714 5.74 0.854 7711 6081 38,375 76,325 43,011 80,145 14,312
Lu 10,563 10,052 10,579 0.859 0.137 11,499 0.877 0.5639 11,236 0.6814 13,861 0.2195
Hf 72,906 14,104 139,994 77,145 2577 86,747 120,977 105,571 170,725 96,431 67,338 2095
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Continued
Ta 29,723 25,684 24,411 31,428 0.412 32,963 20,228 17,813 28,069 13,254 25,976 0.4757
W 0.8748 0.907 10,979 0.9482 <L.D. 10,663 13,713 17,171 11,481 13,056 1615 <L.D.
Th 49,929 34,499 179,002 56,454 16.49 547,851 126,366 9906 73,969 84,117 301,078 97,892
U 89,963 45,643 47,139 1294 1728 84,376 2327 26,579 27,621 18,705 284,103 2576
Cr 40,824 58,817 67,025 3319 2503 3447 4717 42,315 216,372 92,512 2967 29,432

Normalization of trace elements

The trace elements of the Massadjanga granites are standardized to the Primi-
tive Mantle considered magma source in the logarithmic diagram.

Rare earths

Massadjanga granites

In the rock/primitive mantle diagram, the alkaline granites present a spectrum
of rare earths marked by a positive anomaly in Yb, and a negative anomaly in Eu
and an appearance decreasing from La to Sm and from Gd to Lu.

The rare earth spectra of the Massadjanga granites show a sloping appearance
decreasing from light rare earths to heavy rare earths via intermediaries. They
present negative anomalies in Europium (Eu) and one positive anomaly in Ytter-
bium (Yb) (Figure 11).

1000 =<
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% U —8—ro 08
8 ——1Iro 04
o
1 T TT T T T TT
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 11. Rare Earth spectra of Massadjanga granite from the Lake Iro massif. Normali-
zation against the Primitive Mantle of [34].

The Massadjanga granites present a profile reflecting a rate of fractionation
weak. The sum of the rare earth contents of these rocks is (REE = 156 ppm). Quite
different by their rare earth content, these rocks present a small negative anomaly
in Eu which is confirmed by the ratio [Eu/Eu* = EuN/((SmN) x (GdN)) 1/2],
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Eu/Eu* = 0.484 ppm. This brings us to consider that the evolution between these
rocks would be controlled by the fractionation of zircon, apatite, sphene and pla-
gioclase. The ratio (Sm/Nd)N = 0.881 ppm is less than unity while that of
(La/Lu)N = 2.16 is greater than unity.

Rock normalization to MORB

The Massadjanga granites display spectra marked by positive anomalies in K,O,
Rb, Ba, Th, La, Ce, Sm, Hf, y and Yb, and negative anomalies in Sr, Nb, P,Os and
TiO, (Figure 12).
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=
[&] —&4—Iro 04
g1
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Figure 12. Spidergram of the Massadjanga granites of the Lac Iro massif normalized in
relation [35] Sc and Cr from [35].

The positive anomaly in K,O, Rb and Ba reflects the enrichment of biotite gran-
ites in these elements. The negative anomaly in P,Os shows the fractionation of
apatite and that of TiO, reveals the fractionation of ferrotitanium oxides (TiO,).

The positive anomaly in Rb suggests substitution potassium in alkali feldspar.
The slight positive anomaly in Zr highlights the possible substitution of Zr, Ti in
accessory minerals such as zircon.

The positive Yb anomaly reflects the enrichment of the rocks in zircon.

Negative anomalies in (Sr, Nb, P,Os and TiO,) and positive in (K,O, Rb and Ba)
show that granitoids have for the source the continental crust. The negative anom-
aly in Ta and TiO, shows that the granites of Massadjanga were set up in a sub-
duction environment.

Karou granites

In the rock/primitive mantle diagram, the alkaline granites present a spectrum
of rare earths marked by a positive anomaly in Yb, and a negative anomaly in Eu
and an appearance decreasing from La to Sm and Gd to Tm.

(Figure 13) Rare Earth spectra of Karou granite from the Lake Iro massif nor-
malized by relation to the Primitive Mantle of [34].

The rare earth spectra of the Karou granites show a sloping appearance decreas-
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ing from light rare earths to heavy rare earths via intermediaries. They present

negative anomalies in Europium (Eu) and one positive anomaly in Ytterbium Yb.

1000 4=
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Rock/Mantle

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 13. Rare Earth spectra of Karou granite from the Iro Lake massif normalized to the
primitive mantle of [34].

The Karou granites have a profile reflecting a low fractionation rate. The sums
of rare earth contents of these rocks are respectively (REE = 156 and 239 ppm).

These rocks present a negative anomaly in Eu which is confirmed by the ratio
[Eu/Eu* = EuN/((SmN) x (GdN)) 1/2], Eu/Eu* = 0.484 ppm and a positive Yb
anomaly. This brings us to consider that the evolution between these rocks would
be controlled by the fractionation of zircon, apatite, sphene and plagioclase.

Rare Earth profile shows weak fractionation in the Karou granites: (La/Yb)N =
2.13. In this profile, we note that the Karou granites have a ratio (Gd/Yb)N =
1.123, this value greater than unity suggests that these rocks are highly fraction-
ated. The ratio (Sm/Nd)N = 0.881 is less than unity while that of (La/Lu)N = 2.16
is greater than unity.

Normalization of phased arrays

Rock normalization to MORB

The Karou granites display spectra showing positive Rb anomalies, and Th, and
negative anomalies in Ba, Cs, P,Os, TiO, and Sc (Figure 14).

Normalization of phased arrays

The positive anomaly in Rb and Th reflects the enrichment of the Karou gran-
ites in these elements. The negative anomaly in Cs shows the fractionation of ap-
atite and that of TiO, reveals the fractionation of ferrotitanium oxides.

The positive anomaly in Rb suggests the substitution of potassium in the al-
kali feldspar. The slight positive anomaly in Th highlights the possible substitu-
tion of Th and Ba in accessory minerals such as zircon. Negative anomalies in
Ba, Cs, P,Os, TiO; and Sc and positive in Rb and Th show that granitoids have

a source in the continental crust. The negative anomaly in Cs and TiO, shows
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that the Karou granites were emplaced in a subduction environment. According

to [36], the TiO, contents >0.20 characteristic is indicative of his non-mantelic

origin.
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Figure 14. Spidergram of the Karou granites of the Lac Iro massif normalized in relation
to [35] Sc and Cr from [35].

5. Discussion

Granitoids in the studied area are granites with basic enclaves. The enclaves also
reflect incomplete mixing, a low proportion of injected basic material and poor
representation in the plutonic rock [37]. According to the work of [38]-[41], the
disintegration of dykes in host magmas influenced by the rheology of the materials
involved is also at the origin of enclaves.

The Lake Iro granitoids have relatively high A/CNK and K,O/Na,O ratios
which are compatible with a type S affinity indicating the presence of peralumi-
nous minerals (example of muscovite). Where S-type granites are defined as be-
ing strongly peraluminous, with Al,O3/(CaO + Na,O + K;O0) > 1.1 [42]. This is
mainly due to their low Na and Ca, which are interpreted to be lost to solution
during weathering, unlike K, which is preferentially sequestered by clays during
this process, raising K/Na [43]. Additionally, S-type granites are generally
thought to form magmas generated by partial melting underwater under-satu-
ration conditions [44]. The geochemical study shows that the granitoids in the
studied area are granites containing biotite, aplites and pegmatites having a source
coming from partial fusion. The belonging to a magmatic source of these gran-
ites is confirmed by the evolution geochemistry of major and trace elements in
Hacker diagrams. The role of plagioclase fractionation was relatively major dur-
ing the earlier intrusive stages (consistent with the presence of Eu anomalies)
and slightly increased, together with biotite and K-feldspar fractionation, during
the later (granitic) rock crystallization.

The negative anomalies in Eu and Cr observed show the importance of the frac-
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tionation of feldspars during their genesis. This type of environment is character-
istic of subduction zones. This discussion is in agreement with the regional geo-
dynamic framework which considers that the block is an ancient active margin
[11] [24] [29]. The igneous rocks of Lake Iro are characterized by their iron min-
eralogy, define a ferric metalliferous-calcium metaluminous to weakly peralumi-
nous potassium association and have high HFSE (Nb, Y) and REE contents. In
addition, S-type granites are generally thought to form from magmas generated
by the partial melting of metapelite and metagraywacke material in underwater-
undersaturated conditions [45]-[47]. Therefore, they are better classified as S-type
granites and are variably ferromagnetic. The Lake Iro granites correspond to a
single subvolcanic-silicic complex plutonic because first-order geochemical mod-
eling indicates that microgranites can be generated by fractional crystallization of
an assembly of two feldspars-amphiboles from a molten porphyry granite. Then,
the granites of Iro Lake represent the oldest in a series of post-collisional igneous
associations exposed in southern Chad and neighboring countries which, collec-
tively, show that the amalgamation of the blocs constituent parts of the South-
Saharan meta craton is older than 580 Ma [11] [24] [29].

The South, Southeast region of Chad is located in a critical domain at the south-
ern margin of the Saharan Meta-craton and inside what we call the Oubanguides
or Central African orogenic belts which connect it to the Congo craton [18] [48]
[49].

6. Conclusions

This work focused on the petrography and geochemistry of granitoids in the
North-West sector of the department of Iro Lake, one of the objectives is to map
the formations of the Precambrian age in southeastern Chad. At the end of this
study, the results are grouped around two major subjects: petrography and geo-
chemistry. The lithological study area is composed of igneous and sedimentary
rocks. Magmatic rocks constitute the most abundant and varied types of granit-
oids. They are represented by the biotite granites and leucogranites with which
vein rocks are associated (aplites, pegmatites) and basic enclaves. The mineralog-
ical assemblage is made up of quartz + plagioclase + alkaline feldspar + biotite.
Field observations show a clear magmatic differentiation marked by different fa-
cies observed on the same outcrop (porphyry granites, dark and light fine-grained
granites, enclaves).

On the geochemical analysis, the results show that the granitoids are subalka-
line to calc-alkaline with high K content. Granitoids are identified as peralumi-
nous granites with type S. The geodynamic context is that of a subduction zone.

The REEs normalized to the primitive mantle reflecting the crystallization pro-
cess and the fractional crystallization of plagioclase. The role of plagioclase frac-
tionation was relatively major during the earlier intrusive stages (consistent with
the presence of Eu anomalies) and slightly increased, together with biotite and K-

feldspar fractionation, during the later (granitic) rock crystallization. Normaliza-
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tion of multielement to MORBs indicates losses of Ba, Ti and Cs which can be

caused by the fractionation of plagioclase, apatite and ilmenite. The Ba anomaly

is also controlled by the presence of K-feldspar and mica. The observed Ti anom-

alies are due to the fractionation of magnetite indicating a subduction environ-

ment (or remelting of a source from a subduction environment).
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