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The Zabili granitic pluton (SW Chad) exposed in the Mayo Kebbi massif is dominated by a coarse-grained
hornblende biotite granite grading into a fine-grained biotite granite along its southern margin. Petrologic
(micrographic intergrowth of quartz and alkali feldspars, granophyric microstructures, the presence of fluo-
rite and bastnaesite as accessory minerals) and geochemical data (high silica, alkalis and Fe/Mg, depletions in
CaO, MgO, TiO2; high Ga, Nb, Zr, Ga/Al, REE, depletions in Ba, Sr, Eu and compatible elements) indicate that
this pluton consists of A-type granites crystallized from hot (apatite and zircon saturation temperatures rang-
ing from 744 °C to 923 °C), extremely differentiated magmas. U–Pb zircon geochronology indicates that the
magmas crystallized at 567±10 Ma and reveals the presence of older Neoproterozoic xenocrystic zircons at
668±5 Ma in both facies. Within the fine-grained biotite granite, discordant zircons with U–Pb and Pb–Pb
ages ranging from Neoproterozoic to Archaean are also reported. The 668±5 Ma old zircons are considered
to derive from country-rocks while discordant zircons, characterized by angular shapes, internal fractures
and inherited cores, are likely to represent multi-sources detrital crystals that have recorded at least one
metamorphic event. Old pre-Neoproterozoic zircons are reported for the first time for rocks of the Mayo
Kebbi massif and they attest to the contribution of an old basement (likely to be the Eastern Nigeria basement
and/or the Congo craton) involved in a collisional event with a juvenile Neoproterozoic crust prior to the
emplacement of the Zabili granitic pluton. Initial εNd values calculated for the Zabili pluton range from
+2.6 to +7.0, the highest value recorded by one sample from the coarse-grained hornblende-biotite granite
being close to the one of the depleted mantle at 570 Ma (εNd=+7.4). Combining geochronology, Nd iso-
topes composition and geochemical modeling, leads us to suggest the following model for the origin of the
Zabili granitic pluton: (i) contribution of juvenile magmas or partial melting of a juvenile basaltic protolith
characterized by a short crustal residence time; (ii) interaction of granitic magmas with older continental
materials as suggested by the presence of pre-Neoproterozoic zircons and lower initial εNd values of the
fine-grained biotite granite; and (iii) fractional crystallization of feldspars and ferromagnesians to produce
the observed geochemical features of sample GAB-B, from which an initial εNd value of +7.0 has been
calculated.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

A-type granites where first defined from the Pikes Peak batholith
of Colorado (USA), the White Mountain Magma Series of New
Hampshire (USA), the Nigerian Younger Granites, and the Gardar
Province (Greenland) by Loiselle and Wones (1979). According to
these authors, A-type granites are characterized by high K2O, high
Fe/(Fe+Mg) and K2O/Na2O; high REE, Zr, Nb, Ta, and low compatible
trace elements. Following this first definition, the term “A-type granite”
has been applied to a broad spectrum of granitoids, and Collins et al.
technique de Mongo, BP 4377,

i).

rights reserved.
(1982) proposed that a highGa/Al should be used as a diagnostic feature
while Eby (1992) distinguished A1-type and A2-type granites based on
Nb, Ce, Y and Ga abundances. A1-type granites are anorogenic granites
of mantle origin while A2-type granites, derived from mantle or crustal
protoliths, occur in a wide variety of tectonic settings ranging from
late-orogenic to anorogenic.

As a consequence, several genetic models have been proposed for
A-type granites. Thesemodels, reviewed byCollins et al. (1982), Clemens
et al. (1986), Whalen et al. (1987) and more recently by Frost and Frost
(2011), include:

(i) Extreme fractionation of mantle derived alkali basalts to pro-
duce residual granitic liquids, with or without crustal interac-
tions (Loiselle and Wones, 1979).
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(ii) Assimilation of crustal rocks by mantle-derived alkaline magmas
giving syenitic liquids followed by fractional crystallization to
produce a granitic composition has been first introduced in the
Oslo Rift by Barth (1945). This model has been rejected and it
was demonstrated that contamination has been effective only
in the most extreme silicic rocks (Andersen and Knudsen, 2000).

(iii) Peralkaline granitic liquids produced by small scale immiscibility
in basaltic magmas (Eby, 1979; Philipotts, 1976).

(iv) Differentiation of I-type magmas, involving fractional crystalliza-
tion or “thermogravitational diffusion” (Shaw et al., 1976), to
produce A-type residual liquids was discussed and rejected by
Collins et al. (1982) based on their observations from the Gabo
and Mumbulla granitic suites in south-eastern Australia. The
process of “thermogravitational diffusion” resulting in the con-
centration of the high field strength elements (Zr, Nb…) at the
top of an I-type magma chamber.

(v) Partial melting of a granulitic protolith to produce A-type gran-
ites was proposed by Bailey (1974), Collins et al. (1982) and
White and Chappell (1983). Collins et al. (1982) suggested that
partial melting of such a protolith, requiring high temperatures,
is expected to produce relatively anhydrous melts enriched in
halides, high field strength elements (Zr, Nb) and REE but
depleted in large ion lithophiles elements such as Rb. However,
Creaser et al. (1991) indicated that such a granulitic crust is char-
acterized by low silica and potassium; it has lower Fe/Mg than its
original protolith. Once partially melted, this granulitic crust is
expected to produce liquids with these geochemical features,
which are opposite to those observed in A-type granites.

(vi) A metasomatic model involving the role of CO2 and halogen-rich
fluids was proposed to account for the specific composition of
the Topsails peralkaline granites in western Newfoundland by
Taylor et al. (1980).

In this paper, we use field, petrologic, geochemical and isotopes
data from the Zabili granitic pluton in order to propose a petrogenetic
model for its generation and emplacement in the frame of the Pan-
African orogeny. Hence, this work is a contribution to the origin of
A-type granites to which this pluton is related and it provides some
insights into the Pan-African orogeny from the poorly investigated
Mayo Kebbi massif in southwestern Chad.

In the following, the term “source” is used to designate the crustal,
mantle or mixed derivation of a magma, while the term “protolith”
will refer to the nature of the rock submitted to physical transforma-
tions such as partial melting. The term “origin” involves ideally a de-
scription of the source, of the protolith and of the conditions of partial
melting, differentiation and crystallization.

2. Geological setting

The geology of Chad comprises a Phanerozoic cover overlying a
Precambrian basement outcropping in five distinct massifs (Fig. 1):
the Mayo Kebbi massif in the southwest, the Tibesti massif in the
north, the Ouaddaï massif in the east, the Guera massif in the centre
and the Yade massif in the south. Three of these massifs, the Tibesti
massif, the Ouaddaï massif and the Guera massif, are part of a large,
poorly investigated area, described as the Saharan Metacraton by
Abdelsalam et al. (2002), a metacraton being “a craton that has been
remobilized during an orogenic event but that is still recognizable
dominantly through its rheological, geochronological and isotopic char-
acteristics” (Abdelsalam et al., 2002). The Mayo Kebbi massif is de-
scribed as a juvenile Neoproterozoic crust (Penaye et al., 2006; Pouclet
et al., 2006)which belongs, togetherwith the Yademassif, to the Central
AfricanOrogenic Belt (CAOB). TheCentral AfricanOrogenic Belt is part of
the Pan-African belt and results from the collision between the Congo
craton, the West-African craton (Toteu et al., 2004) and the enigmatic
Saharan Metacraton (Ngako and Njonfang, 2011). This belt includes
juvenile Neoproterozoic crust and pre-Neoproterozoic reworked crust
outcropping north of the Congo craton (Toteu et al., 2001, 2004,
2006a, 2006b). The links between juvenile and reworked crustal seg-
ments are not clearly assessed at the scale of the Central African
Orogenic Belt (Nzenti et al., 1994). Such links are useful in order to
understand the origin and evolution of the continental crust exposed
in the CAOB and surrounding cratons. Hence, the geology of Chad is of
special interest regarding the geodynamic significance of the Pan-
African orogeny north of the Congo craton as it may provide us with
some insights into the generation and evolution of the continental
crust during the Neoproterozoic.

The Zabili granitic pluton is exposed in the Mayo Kebbi massif
straddling the border between Chad and Cameroon (Fig. 2). The Mayo
Kebbi massif comprises (1) mafic metaplutonic and metavolcanic rocks
associated with metasediments and metavolcaniclastics of the Zalbi
and Goueygoudoum groups, (2) mafic to intermediate metavolcanic–
plutonic associations, (3) Neoproterozoic granitoids intruding the mafic
and intermediate rocks (Doumnang, 2006; Kasser, 1995; Penaye et al.,
2006; Pouclet et al., 2006). The magmatic rocks outcropping in the
Mayo Kebbi massif have been recently interpreted as resulting from
Neoproterozoic juvenile accretion in an arc setting (Kasser, 1995;
Pouclet et al., 2006). However, little is known about the last stages of
the Pan-African orogeny in this part of the CAOB located at the triple
junction among the Congo craton, the West African craton and the
so-called “Saharan Metacraton” (Abdelsalam et al., 2002).

The Zabili granitic pluton is one of the least studied intrusions of
the Pan-African orogenic belt in Chad. Kasser (1995) distinguished,
on the basis of field observations, petrology and major element geo-
chemistry a (i) fine-grained pinkish biotite granite in the south and
(ii) a coarse grained two mica granite in the north, which are separated
by (iii) a 2.5 km wide E–W trending mylonitic shear zone characterized
by metasomatic alteration of the granite into episyenites and albitites.
Rb–Sr isotopes data yielded an imprecise isochron age of 683±172 Ma
(Kasser, 1995). These preliminary results were supplemented by trace
element data for the southern part of the pluton by Doumnang (2006)
and Pouclet et al. (2006). These authors described a peraluminous and
highly fractionated (SiO2>74 wt.%; Eu/Eu*=0.2) potassic granite relat-
ed to post-tectonic intrusions of the Mayo Kebbi massif.

3. Petrology

3.1. Field observations

The Zabili granitic pluton (Fig. 3) is intrusive within the
metasedimentary and metavolcanic rocks of the Zalbi group. These
metavolcanic and metasedimentary rocks are recrystallized under
greenschist facies conditions (Doumnang, 2006; Kasser, 1995;
Penaye et al., 2006; Pouclet et al., 2006). The Zalbi group is affected
by polyphased deformation characterized by three superimposed
structures. A composite NNE–SSW trending steeply dipping foliation
corresponds to transposition of the bedding surface S0 into S1 and
S2 schistosities in association with isoclinal folds. This foliation is
cross-cut by E–W trending subvertical shear bands associated with
kinematic criteria consistent with a dextral sense of shear. Intrusive
contacts are preserved along the northern and southern margins of
the Zabili granitic pluton, whereas the eastern and western bound-
aries are transposed into foliation in accordance to the S0/1–2 foliation
of the host metasedimentary and metavolcanic rocks. The pluton
comprises a variety of textures and compositions ranging from pink,
fine-grained biotite granite outcropping at its southern margin, to a
light colored, coarse-grained hornblende-biotite granite towards the
north. The coarse-grained hornblende-biotite granite is truncated by
E–W trending shear bands. Large metasedimentary xenoliths are
found within the fine-grained biotite granite close to the pluton mar-
gin. These xenoliths are similar to the host metasediments and attest
for the intrusive nature of the pluton.



Fig. 1. Location of the study area within the geological framework of North-Central Africa (modified after Toteu et al., 2004). The inferred boundary of the Saharan Metacraton is
drawn following Abdelsalam et al. (2011).
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3.2. Rock types

The fine-grained biotite granite (Fig. 4A and D) in the southern
margin of the pluton displays a granophyric microstructure and is
composed of quartz, perthitic feldspar, microcline, sodic plagioclase,
F-rich mica (up to 2.38 wt.% F; Table 1) and secondary muscovite.
The coarse-grained hornblende-biotite granite shows an equigranular
microstructure (Fig. 4C and F). Quartz and feldspars (perthite, albite and
microcline) are themainminerals. Biotite and hornblende are commonly
replaced by chlorite. Locally, the coarse-grained hornblende-biotite gran-
ite is truncated by shear bands and develops a mylonitic fabric (Fig. 4B
and E). The mylonitic granite is dominated by feldspar porphyroclasts



Fig. 2. Geological sketch map of the Mayo Kebbi and neighboring regions (modified after Penaye et al., 2006).
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embedded within a fine-grained quartz-rich matrix; amphibole is com-
monly replaced by chlorite and opaque minerals, and rare muscovite
neoblasts underline the mylonitic fabric.
Accessory minerals from the different rock types include zircon,
apatite, monazite, fluorite, uranothorite, xenotime and bastnaesite.
Apatite occurs in the fine-grained biotite granite and the coarse-grained

image of Fig.�2


Fig. 3. Geological sketch map and cross section across the various lithotectonic units of the Pan-African orogenic belt outcropping in the Mayo Kebbi massif between Lere (South-
West Chad) and Figuil (North Cameroon). Stars: localities; black filled circles: coarse-grained hornblende-biotite granite; black filled squares: fine-grained biotite granite; FSZ:
Figuil shear zone; ZSZ: Zalbi shear zone; LSZ: Lere shear zone.
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hornblende-biotite granite as early needle-like or hexagonal inclusions in
amphibole and plagioclase crystals. Three distinct types of zircon grains
are distinguished based on external morphology and internal zoning
(Corfu et al., 2003; Hoskin and Black, 2000; Martin et al., 2006, 2008;
Möller et al., 2002; Pidgeon, 1992; Pidgeon et al., 1998):

− Small euhedral crystals showing a regular and fine internal zon-
ing (type I zircon grains; Fig. 4G) interpreted to be of magmatic
origin;

− Large subhedral, homogeneous or finely zoned grains, frequently
included in amphibole and plagioclase (type II; Fig. 4H); some
grains exhibit traces of dissolution at their margin while others
are characterized by the presence of a fine overgrowth rim,
suggesting that these magmatic zircons have been in disequilib-
rium with a host magma after their crystallization;

− Xenomorphic crystals with irregular shapes including some an-
gular or rounded grains exhibiting an internal texture character-
ized by inherited core, faint and irregular zoning, radial internal
fractures, and recrystallized domains (type III; Fig. 4I). These fea-
tures are interpreted as indicative of a detrital origin for zircon
grains that have been modified by metamorphism.
Types I and II zircons occur both in the fine-grained biotite granite
and the coarse-grained hornblende-biotite granite, while type III
zircons are only observed in the fine-grained biotite granite.

4. Geochemistry

4.1. Major and trace elements

Whole-rock compositions from the representative samples of the
Zabili granitic pluton (Table 2) were determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES) for major ele-
ments, and inductively coupled plasmamass spectrometry (ICP-MS) for
trace elements at CRPG-CNRS, Nancy (France). Sample preparation,
analytical conditions and limits of detection are detailed in Carignan
et al. (2001).

Striking features are high silica (SiO2=76–79 wt.%) and alkali
contents (Na2O+K2O=8.2–9.5 wt.%), low TiO2 (0.05–0.2 wt.%) and
extreme depletion in CaO and MgO. The analyzed samples are
metaluminous to slightly peraluminous (Fig. 5A) according to their
molar Al2O3/(2CaO+Na2O+K2O) ratio. They plot in thefield of ferroan
granites (Fig. 5B) following the classification of Frost and Frost (2011).

image of Fig.�3


Fig. 4. Field andmicroscopic views of the fine-grained biotite granite (A, D), the coarse-grained hornblende-biotite granite (C, F) and its mylonitic variant (B, E). G, H, and I: examples
of zircon types selected for U–Pb geochronology. Type I zircons occur generally as small (10 to 30 μm) euhedral and zoned crystals of magmatic origin. Type II shows discrete mag-
matic zoning and evidence for dissolution while type III corresponds to detrital zircons. Pl: plagioclase; Qtz: quartz; Mic: microcline; Pert: perthite; Hbl: hornblende; Zrn : zircon.
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Trace element compositions are characterized by high Ga, Nb, Zr, Y
and REE. Ba and Sr are low. Compatible trace elements are extremely
depleted. Based on their Ga/Al ratio plotted against Zr (Fig. 5C), the
analyzed samples are classified as A-type granites (Collins et al.,
1982; Whalen et al., 1987) and related to A2-type granites (Fig. 5D)
following the ternary Nb-Y-Ga diagram of Eby (1992).

Chondrite normalized REE patterns of the Zabili granites (Fig. 5E)
are characterized by extreme negative europium anomalies (Eu/Eu*=
0.04–0.4) and a flat pattern from Gd to Lu. Compared to some crustal
Table 1
Chemical analyses of biotite from the Zabili granitic pluton (given as wt.% of fluorine and
microprobe at the Service Commun de Micro-Analyse, Université Henri Poincaré, Nancy 1 an
*Li2O is estimated using the following equation (Tischendorf et al., 1999, 2004): Li2O=[0.9

Rock facies Biotite granite Hornblende-biotite g

Point # 71 72 59 60 44 51

SiO2 48.37 47.46 48.79 48.87 46.17 46.84
TiO2 0.75 0.40 0.85 0.74 0.74 0.12
Al2O3 21.87 20.27 22.13 20.54 24.69 26.18
FeO 6.79 7.11 6.84 7.22 9.28 8.17
MgO 3.24 3.54 3.75 4.08 1.02 1.04
CaO 0.00 0.03 0.00 0.00 0.01 0.01
Na2O 0.08 0.17 0.08 0.09 0.06 0.26
K2O 10.57 10.65 10.90 10.63 9.98 10.69
F 1.69 2.38 2.02 2.17 0.01 0.12
Sum 93.36 92.04 95.40 94.34 91.96 93.42
Li2O* 0.21 0.19 0.17 0.16 0.65 0.64
and mantle derived A-type granites (Collins et al., 1982; Sakoma,
1996; Vander Auwera et al., 2003; Zhang et al., 2007), the Zabili granites
are characterized bymore extreme negative anomalies in Eu and deple-
tions in Ba, Sr, Nb, LREE and Ti (Fig. 5F; Table 2).

4.2. Apatite and zircon saturation thermometry

Apatite and zircon saturation thermometers (Harrison and Watson,
1984; Pichavant et al., 1992; Watson and Harrison, 1983) were applied
major element oxides). Analyses were determined using a CAMECA SX-50 electron
d the operating conditions were 10 nA sample current and 15 kV accelerating potential.
/(0.26+MgO)]−0.05.

ranite

43 28 29 31 33 34 39

46.96 45.49 45.36 46.20 36.09 47.41 47.07
0.57 0.63 0.74 0.72 2.86 0.67 0.77

25.84 26.52 25.40 25.78 14.86 26.18 25.46
8.25 7.12 7.02 7.85 29.01 8.91 8.98
1.10 0.95 1.02 1.03 2.27 1.05 1.00
0.02 0.15 0.03 0.01 0.05 0.00 0.01
0.18 0.13 0.29 0.18 0.04 0.18 0.12

10.83 9.14 9.88 10.64 8.94 10.15 10.95
0.09 0.17 0.24 0.25 0.31 0.15 0.15

93.90 90.31 90.10 92.65 94.43 94.71 94.54
0.61 0.69 0.65 0.65 0.31 0.64 0.66

image of Fig.�4


Table 2
Major and trace element compositions of the Zabili granitic pluton and host-rocks. Av. 1: average of host metavolcanic rocks; Av.2: average of host metasediments; bdl.: below
detection limit; Bt: biotite; Hbl: hornblende.

Fine-grained Bt granite Mylonitic Hbl-Bt granite Coarse-grained Hbl-Bt granite Others

TCH MK10A MK10C MK12A MK12C GZ3 GZ2 GZ1 GZ2bis GZ5 GZ4 Ech. 2 GAB-B GAB MK14E Av. 1 Av. 2

SiO2 76.92 75.70 75.31 75.57 76.11 75.85 75.68 76.22 77.04 76.85 78.91 77.32 74.99 76.82 55.77 47.03 54.70
Al2O3 11.80 13.09 12.71 13.10 13.41 12.81 12.50 12.62 11.44 11.54 10.55 12.03 12.81 12.49 15.57 15.09 17.48
Fe2O3 1.37 1.31 1.39 1.57 1.61 0.90 1.30 1.02 1.28 1.31 1.33 1.30 0.95 1.12 10.93 12.38 10.29
MnO 0.01 0.02 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.16 0.18 0.11
MgO bdl. 0.13 0.15 0.18 0.26 0.07 0.13 0.05 0.12 bdl. 0.02 0.12 0.05 0.05 4.65 5.94 3.65
CaO 0.03 0.41 0.71 0.27 0.11 0.06 0.43 0.04 0.36 0.11 0.17 0.30 0.14 0.15 3.84 7.97 2.85
Na2O 3.61 3.90 3.90 4.30 5.80 4.00 3.95 4.07 3.65 3.89 3.10 3.97 3.78 3.67 4.20 3.06 2.38
K2O 4.63 5.02 4.66 5.11 2.30 4.54 4.27 4.38 4.04 4.37 4.31 4.26 5.33 5.11 bdl. 0.77 5.08
TiO2 0.12 0.17 0.20 0.25 0.27 0.09 0.13 0.09 0.12 0.08 0.09 0.12 0.06 0.10 0.78 2.17 1.04
P2O5 bdl. bdl. bdl. bdl. 0.04 bdl. 0.05 bdl. bdl. bdl. bdl. 0.06 0.05 bdl. 0.19 0.49 0.21
LOI 0.49 0.42 1.04 0.47 0.66 0.80 0.59 0.77 0.60 0.35 0.48 0.55 0.67 0.52 3.51 4.63 4.41
Sum 98.98 100.17 100.09 100.83 100.58 99.13 99.04 99.28 98.67 98.51 98.96 100.04 98.84 100.03 99.60 99.73 99.67
Ba 41 408 357 436 376 168 284 154 243 22 63 240 160 147 13 212 498
Cr bdl. 9.5 7.6 10.6 12.5 bdl. bdl. bdl. bdl. bdl. bdl. 5.9 9.2 7.1 40.9 121.5 36.4
Cs 1.0 1.0 1.2 1.4 0.7 2.6 4.8 1.3 11.2 0.7 0.7 1.0 0.8 0.9 bdl. 0.3 3.4
Ga 21.7 19.6 18.4 17.4 17.9 24.0 23.4 23.1 22.2 25.4 20.8 21.6 22.7 22.8 16.2 21.7 19.4
Hf 10.1 6.8 7.4 7.0 8.1 7.7 8.1 8.1 7.2 6.4 5.7 6.3 3.7 8.9 2.1 4.3 3.5
Nb 28.2 21.5 21.1 9.5 10.5 28.3 26.8 31.3 27.1 11.6 8.3 24.3 15.6 22.3 1.9 7.7 3.7
Pb 8.9 13.8 9.7 14.1 9.5 15.8 13.6 17.0 13.0 7.1 7.1 13.0 21.2 17.7 2.6 4.9 3.4
Rb 135 123 117 110 54 119 117 111 110 73 61 109 119 114 bdl. 13 96
Sr 4.5 50.3 50.2 31.3 41.6 12.8 32.7 12.2 28.5 3.4 11.8 29.6 19.9 17.1 260.7 434.2 183.4
Ta 2.3 2.4 2.2 1.0 1.1 2.6 1.8 2.7 2.1 1.0 0.7 1.6 1.4 1.4 0.2 0.6 0.3
Th 10.8 12.8 8.1 9.7 10.3 9.4 8.0 8.9 10.2 6.1 5.2 8.2 13.1 8.9 0.8 1.0 1.6
U 4.8 5.0 3.8 3.7 3.8 3.0 2.5 2.7 2.5 1.6 1.2 2.3 3.7 3.0 0.4 0.5 0.7
V 0.9 3.0 4.1 6.8 8.2 1.9 4.0 1.8 3.8 bdl. bdl. 3.6 1.0 1.8 288.8 278.7 233.1
Y 69.1 43.3 46.5 27.4 38.2 35.4 58.8 50.4 53.2 61.5 27.4 48.8 86.5 41.6 20.7 33.1 28.1
Zn 25.3 26.4 16.5 20.9 23.0 36.2 52.1 59.7 44.8 40.2 47.0 43.3 40.7 44.6 90.6 126.1 91.3
Zr 262 190 219 230 279 185 203 197 174 235 245 158 92 217 80 181 134
La 26.4 34.5 23.5 24.1 29.8 17.8 35.4 14.8 34.6 27.9 63.4 34.5 26.4 24.2 7.5 15.6 12.4
Ce 101.0 70.0 51.0 54.0 64.0 45.0 70.0 27.0 73.0 84.0 132.0 73.0 85.0 45.0 17.0 38.0 28.0
Pr 7.5 7.9 6.1 6.0 7.3 6.2 9.7 5.5 9.1 9.3 15.1 9.1 11.8 7.5 2.5 5.5 4.1
Nd 26.7 27.4 22.8 21.6 26.7 22.5 35.6 20.3 32.6 34.2 52.2 33.3 47.7 27.3 11.5 25.1 18.4
Sm 6.2 5.8 5.6 4.4 5.6 5.4 8.0 5.3 7.2 9.1 8.8 7.5 13.3 6.3 3.1 6.2 4.7
Eu 0.1 0.5 0.6 0.5 0.6 0.2 0.4 0.2 0.3 0.1 0.4 0.3 0.2 0.2 1.0 2.1 1.4
Gd 7.1 5.3 5.7 3.8 5.4 4.5 7.6 5.2 6.9 9.0 6.5 6.8 12.2 5.4 3.4 6.5 5.0
Tb 1.5 1.0 1.1 0.7 0.9 0.9 1.4 1.2 1.3 1.8 1.0 1.2 2.4 1.1 0.6 1.0 0.8
Dy 10.8 6.4 6.9 4.4 5.9 6.2 9.0 8.3 8.3 11.6 5.3 7.9 15.2 7.1 3.6 6.1 5.0
Ho 2.3 1.3 1.5 0.9 1.2 1.3 1.9 1.8 1.7 2.3 1.0 1.6 3.0 1.5 0.7 1.2 1.0
Er 7.1 4.3 4.6 2.9 3.6 4.0 5.5 5.5 5.2 6.4 2.8 4.8 9.0 4.5 2.1 3.2 2.8
Tm 1.2 0.7 0.8 0.5 0.6 0.7 0.9 0.9 0.8 0.9 0.4 0.8 1.5 0.7 0.3 0.5 0.4
Yb 7.9 5.3 5.6 3.5 4.2 4.8 5.8 6.3 5.6 5.7 2.9 5.0 9.8 4.9 2.2 3.1 2.9
Lu 1.2 0.8 0.8 0.6 0.7 0.7 0.9 1.0 0.8 0.8 0.5 0.8 1.4 0.8 0.4 0.5 0.5

45M. Isseini et al. / Lithos 153 (2012) 39–52
to different samples collected from both the fine-grained biotite granite
and the coarse-grained hornblende-biotite granite.

Zircon saturation thermometer yield a wide range of temperatures
(744–845 °C) while apatite saturation temperatures show less varia-
tions and higher values (877–923 °C).

5. U–Pb SIMS geochronology

Zircon crystals of types I and II were extracted from a coarse-
grained hornblende-biotite granite sample (sample GAB) collected
near the Gabdo village (Fig. 3). One sample from the fine-grained
biotite granite collected at Zabili (sample ZAB) yielded small euhedral
zircon crystals of type I and large angular crystals of type III.

These different zircon types were analyzed for U–Pb–Th isotopic
compositions using a CAMECA IMS-1270 ion microprobe at the CRPG-
CNRS, Nancy (France) following the analytical method described in
Deloule et al. (2002). The results of these analyses are reported in
Table 3.

A concordant age of 567±10 Ma is obtained from type I zircons
(Fig. 6A) while type II zircons yield a 668±5 Ma upper intercept on
the conventional concordia diagram (Fig. 6B).

Zircon crystals of type III are discordant and they plot as a scatter of
points on the concordia diagram (Fig. 6C). They yield Neoproterozoic
to Paleoproterozoic U–Pb ages and Neoproterozoic to Archaean Pb–Pb
ages (Table 3). On Fig. 6D–F, type III zircons are plotted on a concordia
diagramas subgroups ofNeoproterozoic, Palaeoproterozoic andArchaean
Pb–Pb ages respectively. Two analyses from the first subgroup (Fig. 6D)
are nearly concordant and they give an upper intercept at 740±18 Ma.
An anchored lower intercept at zero and upper intercept at 1760±
17 Ma with MSWD=0.23 are obtained from two discordant analysis of
the second subgroup (Fig. 6E), indicating a Palaeoproterozoic age for
these zircons and a recent Pb loss. The hypothesis of a recent Pb loss is
also supported by the similarity of the upper intercept on the concordia
diagram and the calculated Pb–Pb ages which are 1761±18 Ma and
1742±72 Ma (Table 3). Finally, the third subgroup characterized by
Archaean Pb–Pb ages, is represented by discordant points on the
concordia diagram (Fig. 6F). Although only a few data are available, a
straight alignment along a Discordia line is ruled out (MSWD=36) and
the upper and lower intercepts on the concordia diagram are imprecise,
with very large errors. One may suggest that these zircon grains experi-
enced more than one lead loss event following their crystallization.
Hence, type III zircons are interpreted as detrital xenocrysts derived
from various sources attesting to the incorporation of country-rocks into
the fine-grained biotite granite.

To summarize, types I and II are magmatic zircons based on their
morphology and internal structures, while type III are detrital zircons
derived from distinct sources. The youngest date of 567±10 Ma is
interpreted to represent the crystallization age of the Zabili pluton



Fig. 5. Major and trace elements features of the Zabili granitic pluton. A: molar Al2O3/(Na2O+K2O) vs Al2O3/(2CaO+Na2O+K2O) diagram indicating that the studied samples are
metaluminous to peraluminous. B: Fe-index vs SiO2 diagram (Frost and Frost, 2011) where the analyzed samples plot as ferroan granitoids. C and D: Zr vs Ga/Al (Collins et al., 1982;
Whalen et al., 1987) and Nb-Y-Ga (Eby, 1992) diagrams indicate that the Zabili granitic pluton is an A-type granite classified as A2 sub-type. E and F: chondrite‐normalized REE and
primitive mantle-normalized trace elements patterns (following Sun and McDonough, 1989) of the Zabili granitic pluton compared to crustal (green lines) and mantle (red lines)
derived A-type granites from the Mumbulla suite, southeastern Australia (Collins et al., 1982), Songpan Garze fold belt, eastern Tibetan plateau (Zhang et al., 2007), Kwandonkaya
anorogenic ring complex, Nigeria (Sakoma, 1996) and Rustfjellet, southern Norway (Vander Auwera et al., 2003). The Zabili granitic pluton has lower contents of Eu, Ba, Sr and Ti
and it displays a more pronounced negative Eu anomaly.
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while the 668±5 Ma old zircon grains are inferred to represent
xenocrysts derived from country-rocks or inherited crystals from
the protolith. Similar ages were previously reported from granites
and tonalites within the Mayo Kebbi massif. For example, Penaye
et al. (2006) have found a U–Pb concordia age of 567±15 Ma from
a charnockite outcropping near the city of Pala and a 665±1 Ma
Pb–Pb age based on the evaporation technique from a diorite out-
cropping at Gauthiot Falls (Fig. 2). Although no Palaeoproterozoic
or Archaean ages have been yet reported at the scale of the Mayo
Kebbi massif, similar ages are reported for the eastern Nigeria basement
(Ekwueme and Kröner, 1997, 2006; Ferré et al., 1996) and for the Congo
craton (Lerouge et al., 2006; Penaye et al., 2004; Tchameni et al., 2001),
located respectively westward and southward of theMayo Kebbi massif
(Fig. 1).

6. Sr and Nd isotopes

Sr and Nd isotopes compositions were measured for nine samples
from the fine-grained biotite granite and the coarse-grained hornblende-
biotite granite in order to provide some constraints on their origins.
Furthermore, sampleMK14E from the host metasediments, was analyzed
both for Sr andNd isotopes compositions. The analyseswere carried out at
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Table 3
U-Th-Pb concentrations and isotopic compositions of type I, type II and type III zircons from the Zabili granitic pluton and the equivalent U/Pb and Pb/Pb ages.

Spot 206Pb/204Pb Concentration (ppm) Corrected atomic ratios Ages

Pb U Th 207Pb/235U ±σ 206Pb/238U ±σ 207Pb/206Pb ±σ 206Pb/238U ±σ 207Pb/235U ±σ 207Pb/206Pb ±σ

Type I zircons
N9 312 62.3 794.3 136.3 0.744 0.077 0.091 0.002 0.059 0.1001 564 14 565 44 569 204
N23 588 21.7 273.6 130.2 0.804 0.051 0.092 0.003 0.063 0.0539 570 19 599 28 711 111
N25 1111 130.3 1653.6 639.3 0.775 0.049 0.092 0.004 0.061 0.0493 566 22 582 28 648 102

Type II zircons
N1 7143 85.4 919.8 272.8 0.925 0.012 0.108 0.001 0.062 0.0053 661 8 665 6 677 11
N2 12500 67.9 751.8 354.3 0.901 0.019 0.105 0.002 0.062 0.0026 645 13 652 10 676 6
N3 33333 65.8 703.4 262.1 0.929 0.019 0.109 0.002 0.062 0.0043 666 13 667 10 671 9
N7 1888 41.8 488.3 151.9 0.860 0.029 0.099 0.003 0.063 0.0131 612 19 630 16 698 28
N10 2174 136.7 1401.5 476.9 0.958 0.023 0.113 0.002 0.061 0.0183 693 11 682 12 647 39
N19 2500 89.1 934.5 327.8 0.939 0.028 0.111 0.003 0.061 0.0080 678 18 672 14 654 17
N20 3571 69.2 784.5 247.6 0.874 0.013 0.103 0.001 0.062 0.0065 630 8 638 7 667 14
N24 1370 113.4 1218.8 492.9 0.916 0.035 0.108 0.003 0.061 0.0241 663 19 660 18 652 51

Type III zircons
B12 1108 19.1 237.4 87.2 2.834 0.198 0.094 0.005 0.220 0.0397 577 32 1365 51 2977 63
B13 2329 12.0 204.2 32.4 1.521 0.112 0.069 0.004 0.161 0.0473 428 23 939 44 2463 78
B17 1751 18.4 506.1 232.0 0.850 0.075 0.042 0.003 0.146 0.0391 267 21 625 40 2294 66
B8 13257 56.4 770.2 690.4 1.265 0.070 0.085 0.005 0.108 0.0097 527 28 830 31 1761 18
B11 2345 29.6 267.6 117.6 1.612 0.092 0.129 0.007 0.091 0.0159 780 40 975 35 1444 30
B15 1252 23.6 246.9 85.9 1.634 0.112 0.111 0.006 0.107 0.0405 680 35 984 42 1742 72
B9 3874 45.8 572.1 448.4 0.977 0.062 0.093 0.005 0.076 0.0320 574 30 692 31 1098 63
B7 59920 22.8 344.2 168.9 0.731 0.040 0.077 0.004 0.069 0.0086 480 25 557 23 889 18
B10 37690 29.9 256.6 122.2 1.181 0.065 0.136 0.007 0.063 0.0023 820 42 792 30 712 5
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the CRPG-CNRS, Nancy (France) following themethod described by Asrat
et al. (2004). The results are reported in Table 4.

6.1. Rb and Sr isotopes

Extreme values are measured for 87Sr/86Sr (0.7938–1.3509) as
expected from the high 87Rb/86Sr ratios (10–93) calculated for the
Zabili granites (Table 4).

The calculated initial 87Sr/86Sr ratios at 570 Ma range between
0.5978 and 0.7221 (Table 4). Initial ratios below the BABI value
(87Sr/86Sr=0.69899) are unrealistic. They suggest that (1) the sys-
tem was either opened after 570 Ma considered to be the time
elapsed since its crystallization or (2) that the studied samples crys-
tallized after 570 Ma, implying an isotopic evolution governed by a
lower 87Rb/86Sr ratio before. The first hypothesis is supported by
the presence of secondary muscovite (an extreme Rb/Sr mineral).
However, given the very low Sr abundances for some samples, another
reason for the very low initial 87Sr/86Sr ratios may be an imprecise
decay correction.

Sample MK14E from the host metasediments yields a low 87Sr/
86Sr ratio of 0.7037 (Table 4).

6.2. Sm and Nd isotopes

Sm and Nd isotopes compositions are used to calculate Nd model
ages relative to the Depleted Mantle (TDM) following De Paolo
(1981) and εNd values at 570 Ma compared to the Chondritic Uniform
Reservoir (Wasserburg et al., 1981). The present day 143Nd/144Nd
value of the Chondritic Uniform Reservoir is 0.512638, relative to a
146Nd/144Nd ratio of 0.7219.

For the Zabili granites, the calculated TDM ages range from 0.6 to
1.0 Ga and εNd values at 570 Ma vary between +2.6 and +7.0
(Table 4). The lowest εNd values are recorded by the fine-grained
biotite granite while the highest εNd value of +7.0 is derived from
the coarse-grained hornblende-biotite granite sample GAB-B. Such
an initial εNd value is close to the one of the depleted mantle at
570 Ma, which is equal to +7.4.

Sample MK14E from the host metasediments yields (i) a Ndmodel
age of 0.8 Ga, suggesting a provenance from a juvenile Neoproterozoic
protolith and (ii) an εNd of +5.5 at 570 Ma. These results indicate
that the lowest εNd value of +2.6 reported from the fine-grained bio-
tite granite is not produced by incorporation of host metasediments
similar to MK14E.

7. Discussion

Field observations, petrologic, geochemical and isotopic data from
the Zabili granitic pluton serve as a basis to discuss its origin and to
provide some insights into the last stages of the Pan-African orogeny
as recorded by rocks exposed in the Mayo Kebbi massif.

This pluton, intrusive into greenschist facies metasediments and
mafic metavolcanic rocks crystallized from relatively hot magmas
(744–923 °C) as indicated by the apatite (877–923 °C) and zircon
(744–845 °C) saturation thermometry (Section 4.2). Given that at
least some samples contain xenocrystic zircon grains, higher zircon
saturation temperatures in comparison with apatite saturation tem-
peratures would be expected for these samples. This is obviously
not the case from our results. However, the Zabili granitic pluton
intrudes metasediments and metavolcanic rocks characterized by
lower Zr and higher P2O5 contents than the pluton itself (Table 2).
These metasediments and metavolcanic rocks are found as enclaves
within the pluton, suggesting their assimilation by the pluton. This may
account for the lower zircon saturation temperatures (744–845 °C)
in comparison with apatite saturation temperatures (877–923 °C) and
we suggest that the pluton crystallized from magmas characterized by
intermediate temperatures relative to those indicated above.

Several characteristics suggest that these granitic facies represent
highly fractionated magmas. First, the mineralogy is dominated by
quartz and alkali feldspars showing micrographic intergrowths,
perthitic association and granophyric microstructures. The presence
of fluorite as accessory mineral and the chemical composition of
mica indicate a high content of volatile species such as fluorine. Fur-
thermore, analyses of mica from the Zabili granites are more enriched
in silica and impoverished in FeO+MgO and TiO2 than normal bio-
tite, excepting point 33 (Table 1). They are similar to Li-rich mica
such as Fe-rich polylithionite (Tischendorf et al., 2007). This type of
mica includes Fe-rich micas described as “low Li-Mg group” from
non-alkaline rocks of A-type affinity (Tischendorf et al., 1999).



Fig. 6. Concordia diagram for type I (A), type II (B) and type III (C–F) zircons from the Zabili granitic pluton. The gray ellipse in A represents the average concordant age of type I
zircons. Type III zircons are divided in three subgroups according to their 207Pb/206Pb ratios. These subgroups relate to Neoproterozoic (D), Paleoproterozoic (E) and Archaean
(F) 207Pb/206Pb ages.
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Using the regression line proposed for the estimation of Li2O from
MgO content in micas of the “low Li-Mg group” (Tischendorf et al.,
1999, 2004), we obtain a range of 0.15–0.69 wt.% Li2O.

The granitic facies of the Zabili pluton show the geochemical sig-
nature of A-type granites (Bonin, 2007; Clemens et al., 1986; Collins
et al., 1982; Eby, 1990, 1992; Whalen et al., 1987): high silica, alkalis,
and Fe/Mg ratio, together with depletions in CaO, MgO, TiO2 and P2O5,
high Ga, Nb, Zr, Y, REE, depletions in Ba, Sr, Eu and compatible trace
elements, extreme negative Eu anomalies (Eu/Eu*=0.04–0.2) and
high Ga/Al. Collins et al. (1982) proposed that high Ga/Al is diagnostic
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Table 4
Rb–Sr and Sm–Nd whole rock concentrations and isotopic compositions for the Zabili granitic pluton. Sample Ler-241 (tonalite) and sample Ler-243 (quartz gabbro), shown in ad-
dition to our analyses, are from Penaye et al. (2006).

143Nd/144Nd (2δ) Sm/Nd 147Sm/144Nd εNd(0) TDM (Ga) εNd (T Ga) 87Sr/86Sr (2δ) Rb Sr 87Rb/86Sr 87Sr/86Sr (TGa)

Zabili pluton
TCH 0.512561 (28) 0.23 0.14 −1.5 1.0 +2.6 (0.57) 1.35090 (122) 135 4 92.7 0.59783 (0.57)
GZ3 0.512640 (24) 0.24 0.15 0 0.9 +3.8 (0.57) 0.91885 (29) 119 13 27.3 0.69721 (0.57)
GZ2 0.512697 (16) 0.22 0.14 +1.2 0.7 +5.6 (0.57) 0.79377 (17) 117 33 10.5 0.70881 (0.57)
GZ1 0.512733 (23) 0.26 0.16 +1.7 0.9 +4.6 (0.57) 0.90257 (27) 111 12 26.9 0.68435 (0.57)
GZ2bis 0.512667 (23) 0.22 0.13 +0.6 0.8 +5.2 (0.57) 0.80034 (11) 110 28 11.2 0.70909 (0.57)
GZ4 0.512539 (30) 0.17 0.10 −1.9 0.7 +5.0 (0.57) 0.82041 (16) 61 12 15.1 0.69736 (0.57)
GZ5 0.512781 (18) 0.27 0.16 +2.8 0.8 +5.4 (0.57) 1.16000 (50) 73 3 65.1 0.63113 (0.57)
GAB B 0.512885 (44) 0.28 0.17 +4.8 0.7 +6.8 (0.57) 0.86499 (18) 119 20 17.6 0.72206 (0.57)
GAB 0.512783 (32) 0.23 0.14 +2.8 0.6 +7.0 (0.57) 0.87858 (09) 114 17 19.7 0.71867 (0.57)

Metasediments
MK14E 0.512787 (18) 0.27 0.16 +2.9 0.8 +5.5 (0.57) 0.703724 (15) – 260 – –

Previous isotopic data (Penaye et al., 2006)
Ler-241 0.512611 (16) 0.18 0.11 −0.5 0.66 +6.5 (0.64) – – – – –

Ler-243 0.512559 0.19 0.12 −1.5 0.76 +6.0 (0.72) – – – – –
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of this type of granites and Whalen et al. (1987) used this ratio to
distinguish A-type granites from the highly fractionated products of
the remaining types of the “alphabet soup” classification scheme for
granites, including I, S and M types of granites.

7.1. Source of the parental magma of the Zabili granites

The positive initial εNd values (+2.6 to +7.0) obtained in the
Zabili granitic pluton, and in particular, the highest value (coarse-
grained hornblende-biotite granite sample GAB-B), close to that of
the Depleted Mantle at 570 Ma (εNd=+7.4), could be an indication
for the contribution to this pluton of the depleted mantle or of a
crustal protolith that has been extracted shortly before 570 Ma from
the depleted mantle (a Neoproterozoic juvenile protolith). In con-
trast, the wide range of calculated initial εNd values argues for a
mixed origin involving at least two end-members. In a simple, two
end-member model, one may suggest another contribution from
Pre-Neoproterozoic continental materials or from the lower mantle
which is characterized by a chondritic Nd isotopic signature. The
former hypothesis is supported by the presence of old xenocrystic zir-
cons within the fine-grained biotite granite exhibiting the lowest εNd
values while the latter hypothesis is precluded by the extreme nega-
tive anomalies in Nb observed in all the analyzed samples.

Furthermore, the studied samples are characterized by extreme
negative Eu anomalies and depletions in Ba, Sr, and Ti. This requires
significant fractionation of feldspar and ferromagnesian minerals.
Amphibole and clinopyroxene fractionation would depress MREE
and may account for the observed flat patterns from MREE to HREE.
However, massive fractionation of amphibole is precluded as it
would produce an upward concavity of the REE patterns from MREE
to HREE (Tiepolo et al., 2007).

Accordingly, the observed isotopic and geochemical features of
the Zabili granites are the result of fractional crystallization of paren-
tal magmas produced through partial melting of (i) the depleted
mantle or (ii) of a crustal protolith characterized by a short crustal
residence time in order to account for the highest recorded initial
εNd value.

The implication of a Neoproterozoic crustal protolith in the gener-
ation of the parental magma of the Zabili granites is suggested by
the presence of zircon grains dated at 668±5 Ma and 740±18 Ma
(Section 5). The question arises whether these zircon grains are
inherited crystals derived from a crustal protolith or xenocrysts
derived from country-rocks. Potential candidates for this crustal
protolith are (i) a tonalite (sample Ler-241) collected at Matanseng
village south of Lere and (ii) a quartz gabbro (sample Ler-243) out-
cropping at Boloro village (Fig. 3). Indeed, zircon grains from these
magmatic rocks were analyzed by the Pb evaporation technique and
yielded respectively 638±1 Ma and 723±1 Ma 207Pb/206Pb dates
that are by definition minimum ages (Penaye et al., 2006). These
dates are similar to the age range obtained on zircon grains type II
(668±5 Ma: Fig. 6B) and type III, subgroup 1 (740±18 Ma: Fig. 6D)
from the Zabili granitic pluton. Sm–Nd concentrations and isotopes
data for the tonalite (Ler-241) and the quartz gabbro (Ler-243) have
been published by Penaye et al. (2006) and reported in Table 4.
Neoproterozoic Nd model ages of 0.66 and 0.76 Ga are obtained for
the tonalite (Ler-241) and the quartz-gabbro (Ler-243) respectively
(Penaye et al., 2006). The evolutionwith time of theNd isotopic compo-
sition of these various magmatic rocks, namely (i) the granitic facies of
the Zabili pluton with the highest initial εNd value (GAB-B), (ii) the
tonalite (Ler-241), collected at Matanseng village south of Lere and
dated at 638±1 Ma, and (iii) the quartz gabbro (Ler-243), collected
at Boloro village and dated at 723±1 Ma, are represented in Fig. 7 in
order to test if the tonalite (sample Ler 241) and the quartz gabbro
(sample Ler 243) could represent the juvenile protolith for the parental
magma from which the granitic rocks of the Zabili pluton fractionated
(sample GAB-B).

The three samples show distinct Nd isotopic evolutions (Fig. 7A)
precluding a genetic link among them. The parental magma of the
Zabili granitic pluton, characterized by an initial εNd value similar
to the depleted mantle value at 570 Ma, cannot be generated by par-
tial melting of a juvenile crust extracted from the depleted mantle
(De Paolo, 1981) prior to 0.6 Ga. As a consequence, the zircons
dated at 668±5 Ma and 740±18 Ma are more likely to represent
xenocrystic grains rather than inherited zircons from the protolith.
Based on this, we suggest that the parental magma of the Zabili gra-
nitic pluton is either generated by partial melting of the depleted
mantle or partial melting of a protolith whose crustal residence
time is very short compared to the age of the Zabili pluton, in other
words, a juvenile magma extracted between 600 and 570 Ma.

7.2. Significance of the REE patterns of the Zabili granitic pluton in terms
of partial melting and crystal fractionation

Partial melting of the mantle produces liquids of basaltic composi-
tion (Green and Ringwood, 1967). In Fig. 7B, we have modeled the
composition of some residual liquids after 80% fractional crystalliza-
tion following three different scenarios (Table 5). Liquid 1 (L1) corre-
sponds to the composition of a residual liquid removing a solid phase
composed of 60% plagioclase, 20% clinopyroxene, 10% olivine and 10%
amphibole. Liquid 2 (L2) represents the composition of a residual liquid
after removing a solid fraction composed of 80% plagioclase, 10%
clinopyroxene, 5% olivine and 5% amphibole. Liquid 3 (L3) corresponds



Fig. 7. A: Nd isotopic evolution of samples GAB-B, Ler-241 and Ler-243. B: Model 1:
Comparison of the trace element patterns of three model residual liquids (L1, L2, L3)
derived by 80% fractional crystallization of an average active margin basalt (“South
Andes basalt”) with the composition of sample GAB-B. C: Model 2: Comparison of
the composition of a model residual liquid (L4) derived by 85% fractional crystallization
of the “Batch melt from South Andes basalt” (produced by 25% batch melting of a
protolith having the same composition as the “South Andes basalt”) with the composi-
tion of sample GAB-B.
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to the composition of the residual liquid after removing a solid fraction
with 80% plagioclase, 10% clinopyroxene, 5% amphibole, 4% olivine and
1% apatite. The fractionating minerals have been selected on the basis
of geochemical and petrographic features. Euhedral plagioclase and
apatite, interpreted to be early minerals, may account for the depletions
in CaO, P2O5, Eu and Sr. Extreme depletions in compatible elements and
Ti are also reported. These depletions are related to the removal of
ferromagnesian minerals. Melt fractions and mineral proportions are
selected in order to reproduce the REE concentrations of the Zabili gra-
nitic pluton as represented by sample GAB-B. The model uses average
convergent margin basalt from the Southern South Volcanic Zone of
the Andes, whose isotopic and geochemical features preclude any signif-
icant contamination from the continental crust (Futa and Stern, 1988;
Hickey-Vargas et al., 1986, 1989; Lopez-Escobar et al., 1977), as the
starting composition (designed as “South Andes basalt”). The choice of
this starting composition is justified by the presence of negative Nb
anomalies in the Zabili granites (Fig. 5F), these anomalies being attribut-
ed to partial melting of themetasomatized mantle wedge at convergent
plate margins (Wilson, 1989). When compared to sample GAB-B from
the Zabili granitic pluton, themodeled residual liquids are characterized
by a less pronounced negative Eu anomaly (Fig. 7B). Hence, fractional
crystallization of a basaltic liquid alone cannot account for the extreme
negative Eu anomaly observed in this sample (Eu/Eu*=0.04).

In Fig. 7C, we have modeled a fractional crystallization scenario,
starting with a composition (“Batch melt from South Andes basalt”;
Table 5) derived by 25% batch melting of a protolith having the
same composition as the average basalt used in the previous model
(“South Andes basalt”; Table 5), leaving a residue composed of 70%
plagioclase, 20% clinopyroxene, 9% orthopyroxene and 1% apatite.
The starting melt (“Batch melt from South Andes basalt”) is already
characterized by a negative Eu anomaly (Fig. 7C). The results of this
second model (Table 5) indicate that the REE pattern of sample
GAB-B is approximated for F=15%, F being the residual liquid frac-
tion. The composition of the solid fraction removed in this model is
as follows: 70% plagioclase, 15% amphibole, 10% clinopyroxene, 3.5%
biotite and 1.5% apatite.

Hence, geochemical modeling shows that the REE signature of the
Zabili granitic pluton is difficult to obtain through simple fractional
crystallization of a parent basaltic magma and is more likely to derive
from partial melting of a basaltic rock followed by fractional crystalli-
zation. Accordingly, we propose a two stage model starting with a ba-
saltic or gabbroic protolith crystallized from a mantle-derived magma
at a convergent plate boundary. This protolith was subjected to par-
tial melting at 570 Ma, shortly after its crystallization, and produced
a parental magma that experienced fractional crystallization to give
the residual liquid that crystallized to form the granitic facies forming
the inner part of the Zabili pluton (sample GAB-B).

The fine-grained biotite granite in the south displays older Ndmodel
ages (up to 1.0 Ga) and contains zircon xenocrysts of Neoproterozoic,
Palaeoproterozoic and Archaean Pb–Pb ages, attesting to contamination
through interaction with old continental materials, involving a Pre-
Neoproterozoic crust. However, based on their Sr and Nd isotopes
compositions, the host metasediments occurring as enclaves in the
Zabili pluton are not likely to represent this Pre-Neoproterozoic crust.

7.3. Implications for the late stages of the Pan-African orogeny

The presence of Pre-Neoproterozoic detrital zircons is reported
for the first time in the Mayo Kebbi massif providing new insights
into the late stages of the Pan-African orogeny. Previous isotopic
data at the scale of this massif indicated a juvenile Neoproterozoic
accretion and ruled out any significant contribution from an older
continental crust for the building of the Mayo Kebbi massif (Doumnang,
2006; Penaye et al., 2006). Our results from the Zabili granitic pluton,
emplaced at 567±10 Ma, during the last stages of the Pan-African orog-
eny, demonstrate the contribution of Paleoproterozoic and Archean
crustal materials to this pluton. We suggest that following a collision
event that stitched the newly accreted juvenile arc (currently repre-
sented by the rocks exposed in theMayo Kebbimassif) and an older con-
tinental crust, represented by the Eastern Nigeria basement (Ekwueme
and Kröner, 1997, 2006; Ferré et al., 1996) or by the Congo craton
(Lerouge et al., 2006; Penaye et al., 2004; Tchameni et al., 2001), where
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Table 5
REE concentrations of sample GAB-B, an average active margin basalt from the Southern Volcanic Zone of the Andes (“South Andes basalt”) and distinct model liquids (“Batch melt
from South Andes basalt” and residual liquids L1, L2, L3, L4,). D1, D2, D3 are the global partition coefficients used to model the composition of the residual liquids when starting with
a basaltic composition. Dmelt represents the global partition coefficient used to model the composition of a liquid produced through 25% batch melting of the “South Andes basalt” to
produce an intermediate composition. D4 is the global partition coefficient used to calculate the composition of the residual liquid L4 starting with an intermediate composition
represented by “Batch melt from South Andes basalt”. See details of the nature and proportions of fractionating minerals in the text. Mineral partition coefficients from Luhr
and Carmichael (1980), Fujikami et al. (1984), Green and Pearson (1985a, b), Fujikami (1986), Bacon and Druit (1988), Rollinson (1993), Dun and Sen (1994), Matsui et al.
(1977), Ersoy and Helvaci (2010) and the EarthRef database (www.EarthRef.org).

Model 1 Model 2

REE GAB-B South Andes basalt D1 L1 D2 L2 D3 L3 Dmelt. Batch melt from South Andes basalt D4 L4

La 26.44 8.48 0.19 31.18 0.23 29.25 0.32 25.47 0.37 16.10 0.51 40.49
Ce 85.00 21.89 0.17 82.99 0.19 81.13 0.30 67.75 0.39 40.63 0.59 88.40
Nd 47.68 13.20 0.18 49.12 0.16 50.88 0.30 40.62 0.28 28.55 0.59 61.60
Sm 13.34 3.52 0.21 12.60 0.16 13.63 0.30 10.78 0.31 7.31 0.70 12.92
Eu 0.21 1.16 0.58 2.29 0.66 2.03 0.75 1.74 1.27 0.97 1.66 0.27
Tb 2.37 0.59 0.23 2.03 0.14 2.32 0.30 1.81 0.50 0.94 – –

Ho 2.99 0.90 0.20 3.24 0.13 3.67 0.26 2.96 0.54 1.37 – –

Lu 1.39 0.36 0.15 1.40 0.09 1.55 0.12 1.48 0.33 0.72 0.50 1.84
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Palaeoproterozoic and Archaean zircons have been described, detrital
materials eroded from this old continental crust contributed to sedimen-
tation in the Zalbi group prior to the emplacement of the Zabili granitic
pluton.

8. Conclusion

The Zabili granitic pluton, emplaced at 567±10 Ma, according to
U/Pb geochronology on magmatic zircon grains, marks the end of
the Pan-African orogeny in the Mayo Kebbi massif from southwestern
Chad. This pluton displays typical features of A-type granites. Based
on its geochemical and Nd isotopes compositions, we propose for
this pluton an origin involving fractional crystallization of a parental
magma derived through partial melting of a crustal protolith accreted
between 570 Ma and 600 Ma. This crustal protolith has been extracted
from a mantle source having geochemical and Nd isotopic features
similar to those of the mantle wedge from convergent plate margins.
This two stages model is distinct from the previous ones proposed for
A-type granites encompassing two end-members: (1) fractional crys-
tallization of alkaline magmas derived from partial melting of an
undepleted mantle source, with or without crustal contamination and
(2) anatexis of an old felsic crustal protolith which has been previously
melted (Clemens et al., 1986; Collins et al., 1982; Eby, 1990, 1992; Frost
and Frost, 2011; Whalen et al., 1987). The Zabili granitic pluton was
emplaced in the upper crust, intruding and interacting with older
continental materials, comprising the greenschist faciesmetasediments
of the Zalbi group and a Pre-Neoproterozoic continental crust responsi-
ble for the observed range of initial εNd values (+2.6 to +7.0). The
presence of Pre-Neoproterozoic zircons within this pluton leads us to
modify the previous interpretation considering solely Neoproterozoic
juvenile accretion for the magmatic rocks exposed in the Mayo Kebbi
massif. We propose that the older zircon grains originate from erosion
of the Eastern Nigeria basement or the Congo craton at the onset of
tectonic accretion of the juvenile magmatic crust. These detrital zircon
grains would have been incorporated into the granitic magma at the
origin of the Zabili granite following its interaction with a Pre-
Neoproterozoic component.
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