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(north Togo and north Benin): Evidence of a
Pan-African granulitic continental arc root

G. Duclaux a,b,∗, R.P. Ménot a, S. Guillot c, Y. Agbossoumondé d, N. Hilairet e
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bstract

Between the predominantly Neoarchean–Paleoproterozoic West African Craton (WAC) and the Saharian Metacraton (SMC),
he Dahomeyides suture zone represents a valuable witness of continental amalgamation during Pan-African times. In the Kabyé

assif (northern Togo and northern Bénin) mainly granulitic metagabbros, associated with Al-rich kyanite and garnet bearing felsic
ykes, are exposed as tectonic lenses within the pre-Pan-African gneisses of the SMC. New geochemical data suggest that the high
rade rocks (granulites) in the Kabyé massif originated in a mature continental arc setting. AFC calculations constrain the amount
f contamination of mantle wedge derived magmas by crustal metasediments to about 10%. Reconstruction of initial magmatic
tratigraphy has been carried out using CIPW-norms for cumulitic sequences within the massif, indicating a normal igneous polarity
rom west to east. Published geochemical signatures along the Pan-African suture zone of the Dahomeyides, in Ghana, Togo
nd Benin, constrain the origin of mafic granulitic and eclogitic complexes. A distinction is made between bodies with mainly

ORB signatures originated from the subducted WAC plate passive margin and those with magmatic arc signatures originated

rom the over-riding plate mantle wedge. This suggests that the closure of the oceanic domain between the WAC and the SMC
rom 640 to 610 Ma was mainly accommodated by oceanic subduction beneath the active continental margin, before Pan-African
ollision.
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1. Introduction
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

In Precambrian fold belts, lower crustal rocks are
generally exposed over a large surface area and their sig-
nificance is a key point for understanding Earth dynamics
at that time. Granulite facies metamorphic rocks are gen-

dx.doi.org/10.1016/j.precamres.2006.08.012
mailto:guillaume.duclaux@univ-st-etienne.fr
dx.doi.org/10.1016/j.precamres.2006.08.012


 IN+Model

rian Re
ARTICLEPRECAM-2720; No. of Pages 18

2 G. Duclaux et al. / Precamb

erally considered to be deep seated continental crust
and granulitic metamorphism as resulting from colli-
sion processes, crustal thickening and thermal relaxation
(Harley, 1989). However, granulites may also form from
underplated magmas equilibrated either in extensional
regimes (attenuated continental lithosphere) or in active
continental margin environments, at the deeper levels in
the magmatic arc. Therefore, the understanding of the
early stages of Precambrian orogens is greatly improved
by the knowledge of the protolithic igneous features of
granulites. Along the Pan-African Dahomeyides suture
zone, between the West African Craton (WAC) and the
Sahara Metacraton (SMC) several mafic granulitic mas-
sifs (Ménot, 1980; Bessoles and Trompette, 1980; Caby,
1989) are exposed. Among these, the Kabyé massif is
one of the largest (∼500 km2) and its origin remains a
matter of debate.

Arc magmatism occurs in convergent systems dur-
ing ocean closure; calc-alkaline magmas are emplaced
into the continental crust in an active continental mar-
gin or built as an intra-oceanic island in an intra-
oceanic system. The chemistry of arc magmas is well
understood with Large Ion Lithophile Elements (LILE)
and High Field Strength Elements (HFSE) partition-
ing as Ti, Nb, Ta depletion controlled by ilmenite,
rutile and sphene retained in the source (Wilson, 1989;
Hawkesworth et al., 1993; Arculus, 1994). Neverthe-
less, distinctive chemical characteristics and related
discrimination diagrams for determining tectonic set-
ting are applicable only for rocks which represent liq-
uid and not rocks with cumulitic features, i.e. rocks
resulting from crystal accumulation and contain a more
or less amount of residual liquids; such methods are
not appropriate for cumulates which are about five
times more volumetrically important, and constitute the
most significant part of the arc root system (Wilson,
1989).

The present paper is mainly based on new geochemi-
cal data, and the aim is to determine the original tectonic
setting of the Kabyé Complex and to reconstruct its pri-
mary magmatic features such as the origin of the initial
layered sequence of cumulates and the related sequence
of crystallization. Despite a strong metamorphic and tec-
tonic imprint, the geochemical signature is still a reliable
marker of the early history of the Kabyé igneous layered
complex within the frame of the Pan-African Dahome-
yides orogen. In this paper, the rock types and meta-
morphic assemblages are briefly described. Geochemi-
Please cite this article in press as: Duclaux, G. et al., The mafic layere
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cal data and petrological implications are discussed in
order to define the original tectonic setting of the Kabyé
complex and its geodynamic significance during Neo-
proterozoic times.
 PRESS
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2. Geological setting

The Dahomeyides orogen of Western Africa is a
Pan-African collision belt between the passive conti-
nental margin of the WAC and the SMC (Bessoles
and Trompette, 1980; Caby, 1987; Affaton et al., 1991;
Abdelsalam et al., 2002) (Fig. 1). The Pan-African belt in
Togo and Benin has been subdivided in three main units
(Affaton, 1990): the western external units (Buem and
Attacora), the eastern internal units (Benino-Nigerian
Precambrian basement) and, in between, the so-called
Dahomeyides suture zone. This suture zone is well
exposed from SE Ghana to NW Benin. Numerous ultra-
mafic and mafic bodies are scattered trough the suture
zone. These bodies display contrasting lithological and
metamorphic features (Ménot, 1980; Ménot and Seddoh,
1985; Attoh et al., 1997; Agbossoumondé et al., 2001,
2004). Granulites, eclogites and amphibolites are tec-
tonically associated. This paper will focus on granulites
from the Kabyé igneous complex.

The Kabyé massif (Fig. 2a) is one of the largest mafic
bodies (50 km × 25 km) within the Dahomeyides suture
zone (Fig. 1). Neodymium TDM model ages between
1267 and 1409 Ma were obtained with a crystallization
age for the mafic protolith around 640 Ma (U/Pb zircon;
Bernard-Griffiths et al., 1991). Peak of granulite meta-
morphism obtained by Pb/Pb zircon was around 612 Ma
(Affaton et al., 2000). Large scale structures are roughly
monoclinal, dipping toward the east at about 30◦ and
striking along a north-south direction (Fig. 2b). On its
western part, the Kabyé massif was thrusted over the
2.0 Ga Kara orthogneisses and is itself overthrusted by
the Paleoproterozoic gneisses of the Binah and Tchamba
formations (Affaton et al., 1984 and personal obser-
vations). Thus, the Kabyé massif forms a 12 km thick
granulitic tectonic lens inserted into the Precambrian
basement. Internal north-south shear zones split the mas-
sif in two main units. Shear criteria indicates thrusting
toward the west under amphibolitic facies conditions,
between 600 and 580 Ma (Attoh et al., 1997).

3. Sample location and description of rock types

3.1. Sample location

Important field investigations have been carried out
during the past 3 years on the Kabyé massif. Among
selected 98 samples, 43 have been analysed for whole
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

rock geochemistry (Fig. 2 and Table 1). In addition, eight
samples from Affaton et al. (2000) have been added to
our geochemical dataset. Discrimination of the geody-
namic environment has been carried out only on mafic

dx.doi.org/10.1016/j.precamres.2006.08.012
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Fig. 1. Geological map of the Pan-African collision belt in Ghana, Togo and Bénin.
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Fig. 2. (a) Geological and structural sketch map of the Kabyé massif showing the location of the A–A′ section used for the study of cumulates
distribution (see text) and the B–B′ general section (b). (b) W–E cross section emphasizing the Pan-African nappe piling (vertical exaggeration 5×).

dx.doi.org/10.1016/j.precamres.2006.08.012
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Table 1
Location of representative samples discussed in this study

Sample Latitude longitude Lithology

AF6436 09◦38′570N 01◦15′280E Metagabbro
AF6451 09◦44′300N 01◦14′300E Liquid
K17-1 09◦38′125N 01◦14′229E Metapyroxenite
K17-4 09◦38′805N 01◦14′146E Metagabbro
K17-12 09◦37′611N 01◦14′601 E Metagabbro
K25-5 09◦44′508N 01◦16′322E Liquid
TO64 09◦39′157N 01◦16′113E Liquid
TO66 09◦38′685N 01◦15′307E Metapyroxenite
TO69 09◦37′812N 01◦15′087E Felsic dyke
TO70 09◦36′600N 01◦14′595E Meta-anorthosite
TO72 09◦35′652N 01o09′739E Metagabbro
TO73A/D 09◦35′773N 01o09′783E Metapyroxenite
TO101B/C 09◦35′638N 01◦09′732E Metagabbro
TO106 09◦36′884N 01◦08′850E Metagabbro
TO107 09◦36′634N 01◦08′918E Metapyroxenite
TO125 09◦39′548N 01◦12′600E Metagabbro
TO132 09◦36′167N 01◦14′245E Metapyroxenite
TO135 09◦38′692N 01◦15′378E Metagabbro
TO136 09◦38′120N 01◦15′151E Felsic dyke
TO138 09◦39′050N 01◦18′691E Metagabbro
TO139 09◦37′906N 01◦19′044E Metagabbro
TO140 09◦35′918N 01◦18′583E Metagabbro
TO144B 09◦46′340N 01◦14′506E Metapyroxenite
T ◦ ′ ◦ ′
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O153 09 45 879N 01 19 486E Metagabbro
O174 09◦43′625N 01◦15′826E Metapyroxenite

amples with non-cumulitic features (parts 4.1–4.3).
ome samples have been selected to assess the origin
nd paleogeometry of the massif (part 4.6), they are
istributed along a cross-section A–A′, in the south-
rn part of the massif near Soumdina (from NW to SE:
O67, K17-4, K17-1, K17-12, TO132, AF6436, TO66
nd TO70). This section has been selected because its
ross cut the main foliation strike and displays good
ample coverage, weak deformation and well preserved
nherited modal layering features.

.2. Rock types and layered series

Kabyé massif is mainly made of mantle-derived mafic
ocks. Most of them are cumulates of metagabbros and
etapyroxenites with preserved igneous textures in spite

f granulite facies metamorphism. Moreover, the pri-
ary, magmatic, layering of cumulates may be still rec-

gnized in spite of later crosscutting granulitic foliations
Fig. 3a and e). Three main rocks types have been identi-
Please cite this article in press as: Duclaux, G. et al., The mafic layere
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ed within the layered series: (i) ubiquitous layered meso
o leucocratic metagabbros; (ii) dark garnet bearing and
arnet free metaclinopyroxenites which are interlayered
nd intrusive within the metagabbro banded series and
iii) kyanite–garnet-bearing leucocratic dykelets.
 PRESS
search xxx (2006) xxx–xxx 5

3.2.1. Metagabbros series
They are characterized by Grt–Cpx–Pl ± Opx (min-

erals symbols after Kretz, 1983) (TO129, TO125 and
TO72) or Opx–Cpx–Pl (TO138, TO139 and TO140)
granulitic assemblages with subordinate rutile and
quartz. The former assemblage is observed everywhere
in the massif, while the second is restricted to the east-
ern part of the massif. Grt appears as coronas around
both Ca-rich and -poor-pyroxenes. Duclaux et al. (2004)
summarized their P–T evolution; the occurrence of relict
Opx indicates initial metamorphic conditions of a max-
imum of 9 kbar, 900 ◦C after magmatic intrusion. Meta-
morphic peak conditions are estimated at 18 ± 3 kbar
and 850 ± 20 ◦C in the SW unit and 12 ± 2 kbar at
775 ± 15 ◦C in the NE unit (Fig. 2). Localized retrogres-
sion under amphibolite facies conditions in both units is
characterized by crystallization of pargasitic amphibole,
secondary plagioclase, ilmenite and zoisite, at 9 ± 1 kbar
and 775 ± 25 ◦C.

Most of the metagabbros display a striking layer-
ing which is marked both by a thin millimetric meta-
morphic banding with alternation of plagioclase and
ferromagnesian-rich layers and by a thicker centimetre
to decimetre compositional layering with the succes-
sion of dominant Cpx–Gt–Pl bearing facies and subordi-
nate Opx–Cpx–Pl (Gt free) paragenesis. Such a feature
probably reflects an inherited compositional magmatic
layering which is superimposed by a secondary subcon-
cordant regional metamorphic foliation (Fig. 3e). Defor-
mation features are seen as Cpx and Gt porphyroclasts
together with a mineral stretching lineation underlined
by Cpx and garnet alignment (Fig. 3b, c and e).

3.2.2. Metapyroxenites
These melanocratic facies are coarse grained and gen-

erally present a weaker deformation imprint compared
with metagabbros. Two types are distinguished with ref-
erence to the presence of garnet or not.

Grt-bearing metapyroxenites (TO107, TO64) outcrop
in the western and northern parts of the massif (Fig. 2 and
Table 1) and they occur as less foliated layers or elon-
gated enclaves within the Grt-bearing metagabbros (see
above) country rocks. Contacts are sharp and probably
represent inherited magmatic contacts (Fig. 3a and b).
They are coarse grained Cpx–Grt–Ilm bearing rock types
and were previously described as eclogites or eclogitoı̈ds
(Affaton et al., 1984; Caby, 1987; Bernard-Griffiths et al.,
1991; Castaing et al., 1993) but they rather correspond
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

to HP granulites (Duclaux et al., 2004). Localized ret-
rogression leads to clinopyroxene recrystallization and
neoformed pargasitic amphibole, rare plagioclase and
quartz.

dx.doi.org/10.1016/j.precamres.2006.08.012
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Fig. 3. (a, b, d and f) Field relationships (a) preserved magmatic layering and cross cutting granulitic foliation. Dark and leucocratic layers, respec-
tively, correspond to metapyroxenite and metagabbro; (b) Grt-bearing metapyroxenite as a boudinaged enclave within the Grt-bearing metagabbros;
(d) Ky–Grt bearing felsic dykelet within the Grt-bearing metagabbros in the Séméré massif. Original igneous contacts are cross cut by the granulitic
foliation visible on the right-hand side of the felsic dykelet; (f) mineralogy and texture of the granulitic Ky–Grt-bearing felsic gneiss; c and e: thin
sections (c) partially retrogressed granulitic metagabbros with relict coronas (granulite facies: Grt 2 around Cpx) and totally transformed plagioclase

foliatio
ctively,
(ampibolite facies: zoisite + secondary plagioclase + Grt); (e) granulitic
by alternating bands of contrasted modal composition that give, respe

Grt-free metapyroxenites (TO174, TO 144b)
occurred only in the north-eastern part of the mas-
sif (Fig. 2 and Table 1). They contain a granulitic
assemblage with large euhedral Opx surrounded by a
granoblastic matrix of Cpx, Ilm and Cr–Spl. The retro-
gression is also characterized by pargasitic amphibole
crystallization.
Please cite this article in press as: Duclaux, G. et al., The mafic layere
Evidence of a Pan-African granulitic continental arc root, Precamb

3.2.3. Kyanite–Garnet (Ky–Grt)-bearing felsic
dykelets

Al-rich felsic rocks (TO69, TO 136) are very scarce
and occurred in the central and eastern parts of the massif
n that transposed an earlier magmatic layering. Layering is underlined
Cpx–Grt–Pl and Cpx–Opx–Pl assemblages in granulitic conditions.

(Fig. 2 and Table 1) as decimetre patches and dykelets in
the granulitic metagabbros. Relationships with the sur-
rounding metagabbros are better exposed in the Séméré
area (Benin, East of Kabyé) where the Ky–Grt-bearing
rocks appears as dykelets of several cm in thickness
(Fig. 3d) that cross cut the igneous layering of gab-
bros. Therefore they were certainly derived from Al-rich
leucocratic felsic melts. They are coarse grained and con-
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

tain a Qtz, Kfs, Grt, Ky granulitic assemblage (Fig. 3f).
Kyanite crystallizes in the Qtz–Kfs matrix as well as
inclusions within garnets. Retrogression is restricted to
the crystallization of Bt.

dx.doi.org/10.1016/j.precamres.2006.08.012
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potential liquids. These samples were plotted in a TiO2
versus Al2O3 diagram (Pearce, 1996b) (Fig. 4). Three
samples plotting in the field of liquids (AF6451, K25-5
and TO64) have been used to define magmatic affinity of
ARTICLERECAM-2720; No. of Pages 18
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. Geochemical data and interpretations

.1. Analytical methods

Major and minor elements concentrations were deter-
ined by XRF analyses at University of Lyon 1 (CNRS-
MR 5570); a set of 51 analyses has been used for

his study. Analytical uncertainties (2σ) ranges from
1% to ±2% for major elements; ±5% for trace ele-
ents when abundances ≥10 ppm, and ±10% for those
10 ppm. REE, Nd and Sr isotopes analyses were per-

ormed using the UMR CNRS “Magmas et Volcans”
acilities (ICP-AES and TIMS) at University Jean Mon-
et and the School of Mines in Saint Etienne, and at
niversity Blaise Pascal of Clermont Ferrand, respec-

ively. Samples were dissolved using acid (HF + HNO3,
:3) in sealed Savillex beakers on a hot plate for 1 week.
ethod used was able to dissolved zircons and other

efractory minerals to avoid trace elements fractionation.
eparation of REE was done through a cation-exchange
olumn (AG50WX8, 200–400 mesh). Sm and Nd were
urther purified using a second cation-exchange column,
onditioned and eluted with dilute HCl. Isotopes analy-
es were performed using a VG 54E mass spectrometer.
eplicate analyses of NBS987 yield a mean 87Sr/86Sr

atio of 0.710255 (S.D. = 12 × 10−6, n = 9) and AMES a
ean 144Nd/143Nd ratio of 0.511971 (S.D. = 6 × 10−6,
= 8). Further analyses from Bernard-Griffiths et al.

1991) have been added to our set of isotopic data. Com-
lementary data are reported from Affaton et al. (2000)
ith samples specified as AF (Table 1).

.2. Identification of reliable indicators for
eochemical interpretation

The entire magmatic suite underwent extensive
ecrystallization into granulite facies or locally in amphi-
olite facies conditions during the Pan-African orogeny.
evertheless, no secondary mobilisation due to CO2

nd/or aqueous fluids seems to have significantly dis-
urbed the initial magmatic element distribution. For
xample, LILE, such as K, Rb, Sr and Ba which are
nown to be easily removed, appear to have been rel-
tively inert during the post-solidus evolution as they
how neither erratic variations nor any significant covari-
tions with alteration index (LOI). Furthermore, K/Rb
atio in felsic rocks ranges between 250 and 320 cor-
esponding to typical continental crust values. REE
Please cite this article in press as: Duclaux, G. et al., The mafic layere
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pectra are consistent and homogeneous for each type
f rocks (liquids, pyroxene cumulates and plagioclase
umulates) underlining the absence of late remobilisa-
ion for these elements. The generally strong negative
 PRESS
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correlation between highly incompatible elements such
as LREE, Nb, Zr, Y, Ti and highly compatible elements
such as MgO, Cr and Ni is also consistent with igneous
processes. Na values are very low for felsic samples.
This two samples come from two different parts of the
massif and however present similar geochemical sig-
natures arguing for a Na source depletion rather than
mobility. Therefore, LILE may be used, together with
HFSE as reliable indicators to define the magmatic pro-
cesses responsible for the Kabyé complex genesis and to
appraise its original tectonic setting.

4.3. Screening of cumulates and liquids

Field and microscopic observations suggest that most
of the mafic rocks from the Kabyé massif are cumulates.
Their crystallization is mainly related to crystal accu-
mulation processes and to the more or less extensive
extraction of residual liquids. Thus, screening of samples
with liquid (non-cumulitic) or cumulitic characteristics
is essential; liquids may be either initial, before cumula-
tion, or residual, after cumulate formation. In that scope,
are considered as “cumulates”, rocks that deviate sig-
nificantly from a true melt composition due to crystals
accumulation (Pearce and Peate, 1995). Zr appears as a
good index according to its highly incompatibility and
therefore enrichment in residual liquids and depletion
in cumulates (Rollinson, 1996). Thus, 22 samples with
Zr contents higher than 50 ppm have been considered as
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

Fig. 4. Al2O3 vs. TiO2 diagram (Pearce, 1996b) for screening between
cumulates (grey dots) and liquid (black triangles) compositions of
mafic rocks (SiO2 ranging from 51 to 56%). Black dots: mean compo-
sitions of minerals of the Kabyé massif. Data from Table 2.

dx.doi.org/10.1016/j.precamres.2006.08.012
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Table 2
Selected analyses of representative felsic and mafic rocks with liquid
compositions

Mafic liquids Felsic magmas

AF6451 K25-5 TO64 TO136 TO69

SiO2 55.88 55.58 55.93 63.33 66.64
TiO2 1.14 1.17 1.37 0.79 0.74
Al2O3 16.89 17.11 16.42 18.46 17.07
Fe2O3 2.22 8.46 8.57 8.07 8.59
FeO 7.02 – – – –
MnO 0.19 0.12 0.13 0.11 0.11
MgO 4.45 4.75 4.62 3.29 3.26
CaO 6.78 7.37 7.11 1.13 1.27
Na2O 3.66 4.17 3.58 0.52 0.95
K2O 1.22 1.24 1.45 2.97 2.08
P2O5 0.32 0.27 0.43 0.05 0.06
LOI 0.58 0.02 0 0.02 0

Total 100.13 100.26 99.59 98.78 100.84

Ba 442 375 580 688 564
Rb 17 26 30 98 55
Sr 407 520 511 62 72
Y 34 17 24 31 31
Zr 215 136 117 160 179
Nb 9 3 9 11 9
Th – – 2 2 4.5
Pb – 7 9.2 0 1.5
Cu 111 206 164 33 19
Ni 30 59.7 71.3 61 47.8
V 177 196.8 186 77.2 79.1
Cr 61 70 103 99 112
Hf – – 1.2 3.1 2.9
Sc 24 18.4 17.2 12.3 14.4
Co 115 32.3 29.4 19.9 16.3
U – – 0.49 0.52 1.0
La – 14.6 27.1 24.7 37.2
Ce – 42.1 64.8 38.8 72.1
Nd – 22.4 35.4 17.1 24.8
Sm – 4.9 6.0 5.0 4.9
Eu – 1.3 1.7 1.4 1.7
Gd – 4.5 5.0 5.5 4.3
Tb – – 0.8 0.9 0.9
Dy – 3.8 3.8 5.7 4.4
Ho – – 0.7 1.1 0.9
Er – 1.9 1.9 3.4 3.0
Tm – – 0.2 0.5 0.5
Yb – 1.6 1.6 3.5 2.4
Lu – – 0.2 0.5 0.4

Mg# 0.47 0.53 0.52 0.45 0.43
Zr/Y 6.3 8.2 4.9 5.1 5.8
Ce/YbN – 11 18 2.6 6.8
Ce/SmN – 3 3.8 2 3.8
Sm/YbN – 3.6 4.8 1.3 1.8
ARTICLEPRECAM-2720; No. of Pages 18
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mafic magmas (major, trace elements) (in parts 4.1 and
4.4).

All the remaining samples have been considered as
cumulates and some were used to constrain the initial
geometry of the magmatic chamber. Both cumulates and
liquids compositions as well as Al-rich felsic magmas
(Gr–Ky bearing leucocratic dikelets) have been consid-
ered to assess magma mixing and crustal contamination
in Sr/Nd isotopes diagram (part 4.5).

4.4. Geochemistry of magmatic liquids

4.4.1. Major and trace elements
Table 2 lists major and trace elements concentrations

of samples representing mafic magmatic liquids and of
the felsic samples (Ky–Gt bearing leucocratic dykelets).
The three mafic samples form a homogenous set with
SiO2 ranging from 55.6 to 55.9 wt% corresponding to
andesite compositions. They also display rather high
Al2O3 (>16.4 wt%), intermediate CaO (6.8–7.4 wt%),
Ni (<71 ppm) and Cr (<103 ppm) contents and inter-
mediate Mg# (0.47–0.52), consistent with a relatively
differentiated character for the magmatic suite. FeOtot.
does not show any enrichment with differentiation and
ranges from 7.6 to 9.0 wt%. According to Na2O and K2O
contents, respectively, high (3.6–4.2 wt%) and moderate
(0.5–1.5 wt%), and to intermediate to low (1.1–1.4 wt%)
TiO2 values suggesting early precipitation of Fe–Ti
oxides, magmas may therefore be related to calc-alkaline
series with high-alumina, medium-K affinities (Irvine
and Baragar, 1971). In the MgO–FeOt–Al2O3 diagram
(Pearce et al., 1977) Kabyé analyses plot in the field of
orogenic basalts, i.e. arc related magmas (Fig. 5a). More-
over in the Zr/Y–Zr diagram (Pearce, 1983) a continental
arc origin is suggested (Fig. 5b).

The felsic samples display affinities with dacitic com-
positions and are characterized by high SiO2 content
and relatively low TiO2 (63–67 wt% and 0.7–0.8 wt%,
respectively), very low CaO and Na2O (1.1–1.3 and
0.5–1.0 wt%) but high Al2O3 and K2O (17.1–18.5
and 2.1–3.0 wt%) contents. Such K-rich felsic magmas
strongly differ in origin from the closely associated mafic
rocks. In fact, differentiation from a mafic magmatic
source or partial melting of mafic rocks would have
lead to Na-rich trondhjemitic liquids. For this reason and
further isotopic data, Ky–Grt felsic dykelets may have
been derived from a distinct source of continental origin
(Rapp and Watson, 1995). Regarding their chemistry in
Please cite this article in press as: Duclaux, G. et al., The mafic layered complex of the Kabyé massif (north Togo and north Benin):
Evidence of a Pan-African granulitic continental arc root, Precambrian Res. (2006), doi:10.1016/j.precamres.2006.08.012

the Al/(Fet + Mg) versus Ca/(Fet + Mg) diagram (Altherr
et al., 1999) felsic magmas exhibit low Al and Ca ratios
and plot in the field of metagreywackes. This suggests
that the felsic melts derived from a continental protolith,

Normalization to MORB (Hofmann, 1988) and to ORG (Pearce et al.,
1984).

dx.doi.org/10.1016/j.precamres.2006.08.012
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F ing: (a) MgO–FeOt–Al2O3 discriminant diagram (Pearce et al., 1977) (n = 3);
1 id ocean ridge basalts, 4: ocean island, 5: continental basalts. (b) Zr/Y–Zr
d rcs magmas (n = 3).
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: spreading centre, 2: island arc and active continental margin, 3: m
iagram (Pearce, 1983) distinction between continental and oceanic a

nd consequently have a different source than that of the
afic country rocks.

.4.2. REE and incompatible element variations
N-MORB-normalized (Hofmann, 1988) incompati-

le element patterns for basic samples are presented in
ig. 6a. They display a nearly linear distribution charac-

erized by decreasing abundances from LILE, Ba, Rb,
h and K down to HFSE. The regular slope is dis-

urbed by a strong negative anomaly for Nb which is
ypical for magmas generated in the supra subduction

antle wedge. This fits well with relatively low Cr and
contents (Pearce, 1982) and low Nb/Yb (2.3–6.8)

atios (Pearce and Peate, 1995). REE patterns are
ractionated (Ce/YbN ∼ 11.0–17.9) with slight LREE-
nrichment (Ce/SmN ∼ 3.1–3.8) and HREE depletion
Sm/YbN ∼ 3.6–4.8) that could be induced by a garnet
esidue in the melt source. These features are typical for
agmas directly derived from mantle in a subduction-

elated environment at depth greater than 90 km (Gill,
981; Tatsumi et al., 1986; Tatsumi, 1989).

ORG-normalized (Pearce et al., 1984) incompatible
lement patterns for Al-rich felsic samples are presented
n Fig. 6b. Relative to ORG, they present compara-
le values for Ce and Nb but are enriched in LILE
nd depleted in Zr, Hf and medium to heavy REE
Ce/SmN ∼ 2.0–3.8 and Ce/YbN ∼ 2.6–6.8). HREE are
nly slightly fractionated (Sm/YbN ∼ 1.3–1.8). Such
atterns display some similarities with arc related gran-
tes but the low Hf, Sm, Zr and Ce contents, together with
Please cite this article in press as: Duclaux, G. et al., The mafic layered complex of the Kabyé massif (north Togo and north Benin):
Evidence of a Pan-African granulitic continental arc root, Precambrian Res. (2006), doi:10.1016/j.precamres.2006.08.012

igh Rb values point out the continental crust derivation
f the Al-rich felsic gneisses (Pearce et al., 1984; Pearce,
996a). Moreover the moderately Th, K (and U, not
lotted here) enrichment, compared to ORG, indicates

Fig. 6. Spiderdiagrams for mafic and felsic samples of the Kabyé
massif: (a) mafic samples with liquid composition, normalization to N-
MORB (Hofmann, 1988) (n = 3); (b) Ky–Grt bearing felsic dykelets,
normalization to ORG (Pearce et al., 1984) (n = 2).

dx.doi.org/10.1016/j.precamres.2006.08.012
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that source rock was probably not a material enriched in
highly incompatible elements, such as the upper crust.
The relative depletion in LREE and Nb also suggests
a lower crustal source origin (Taylor and McLennan,
1985).

Even if felsic and mafic magmas display some simi-
larity of composition such as LILE and LREE high con-
tents, they also have striking geochemical differences.
They are characterized, respectively, by concave REE
patterns with no HREE fractionation and linear REE pat-
terns with a regular decrease from LREE to HREE values
(Table 2). Moreover, the mafic rocks, exhibit a striking
Nb fractionation relative to other HFSE (Zr, Y, Hf: pos-
itive Zr/NbN). Furthermore, absence of a positive cor-
relation between

∑
REE and SiO2 (as a differentiation

index) for mafic and felsic samples argues for separate
sources generating different magma compositions.

4.4.3. Sr and Nd isotopes
Measured ratios of 87Sr/86Sr and 143Nd/144Nd and

epsilon values have been recalculated at 600 Ma and
are presented in Table 3. Decay constants for Sm at
144λ = 6.54 × 10−11 and Rb at 87λ = 1.42 × 10−11 have
been taking in account and present day CHUR
values 143Nd/144NdCHUR

0 = 0.512638 and 147Sm/144

NdCHUR
0 = 0.1967. Fig. 7 illustrates the first order

dichotomy between mantle derived magmas correspond-
ing to the mafic samples and crustal material corre-
sponding to Ky–Grt felsic samples. Sample TO 153
Please cite this article in press as: Duclaux, G. et al., The mafic layere
Evidence of a Pan-African granulitic continental arc root, Precamb

represents the only mafic sample with negative εNd value
and is interpreted as a mix between the two poles. At a
first approximation, this argues for at least two distinct
sources.

Table 3
Nd and Sr isotope data for mafic (cumulates and liquids) and felsic rocks (in

Samples Sm Nd Rb Sr 143/144Nd 147Sm/144Nd 87/86S

TO136 4.97 17.12 98.1 62 0.511650 0.1755 0.780
TO69 4.89 24.79 54.7 72 0.511713 0.1192 0.762
TO153 3.78 15.69 4.3 482 0.512101 0.1456 0.703
TO 144b 0.3 1.1 1.3 10 0.512530 0.1649 0.704
TO132 1.61 4.04 76.1 787 0.513006 0.2409 0.703
TO174 2.67 7.52 21.2 716 0.512926 0.2147 0.703
TO106 2.91 11.31 1.7 240 0.512669 0.1556 0.703
TO135 4.16 17.17 1.7 458 0.512704 0.1465 0.703
TO139 4.76 23.38 37.4 473 0.512549 0.1231 0.705
TO101b 1.04 4.49 2.5 411 0.512557 0.1400 0.703
TO64 6.04 35.41 30 511 0.512580 0.1031 0.704
TO66 6.55 22.86 1.3 32 0.512743 0.1732 0.706
TO67 1.05 2.76 1.2 26 0.513031 0.2300 0.703
TO73A 0.5 1.63 2.2 38 0.513074 0.1855 0.703
TO73D 0.7 2.81 1.9 62 0.512743 0.1506 0.703
 PRESS
search xxx (2006) xxx–xxx

All the mafic samples display positive εNd values at
600 Ma, ranging between 0 and +9, except one which
plots at −7. 87Sr/86Sr ratios are rather low and range from
0.7015 to 0.7051. Such a large dispersion of isotopic val-
ues for Sr and εNd is indicative of the contamination of a
LREE depleted mantle, reflecting either an enrichment
of the mantle wedge by fluids derived from subducted
metasediments and/or a later contamination by continen-
tal country rocks during the magma emplacement and
crystallization (crustal contamination by the arc base-
ment). Nevertheless the particular sample, TO153, with
negative εNd and close to zero εSr, might be a good
example of such a contaminated magma. The lack of cor-
relation between the mafic εNd and Nb values indicating
that Nb negative anomaly described above is relative to
the source composition rather than crustal contamina-
tion.

Felsic granulites point towards a clear crustal origin
underlined by negative εNd values, reflecting enriched
source and very high εSr values resulting from melt-
ing of crustal materials. The reference line proposed
by DePaolo and Wasserburg (1979) separating materi-
als derived from upper (high positive εSr) to lower crust
(low positive εSr) has been plotted in Fig. 7. It suggests
that felsic magmas may be derived from an old crustal
component, possibly related to the surrounding Paleo-
proterozoic basement.

AFC calculations (DePaolo, 1981) have been car-
ried out to model possible mixing between mantle and
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

crustal sources (Fig. 7). Initial mantle source values
for εNd and εSr have been chosen in agreement with
the less differentiated mafic samples (high Ol norma-
tive), and with composition close to liquids to lower

bold) of the Kabyé complex

r 87Rb/86Sr 143/144Ndi εNdi
87/86Sri εSri TDM

(+10)

187 4.595500 0.51096 −17.7 0.74087 526.6 nd
485 2.206778 0.51124 −12.1 0.74360 565.5 2.3 Ga
299 0.025789 0.51153 −6.6 0.70308 −10.3 2.3 Ga
449 0.395792 0.51188 0.3 0.70106 −38.9 1.9 Ga
887 0.279697 0.51206 3.8 0.70149 −32.8 nd
519 0.085607 0.51208 4.3 0.70279 −14.4 nd
936 0.020512 0.51206 3.8 0.70376 −0.6 1.26 Ga
211 0.010741 0.51213 5.2 0.70312 −9.7 1.0 Ga
573 0.228817 0.51207 3.9 0.70362 −2.7 1.0 Ga
484 0.017477 0.51201 2.8 0.70333 −6.6 1.23 Ga
581 0.169706 0.51217 6.1 0.70313 −9.6 nd
146 0.118632 0.51206 3.9 0.70513 18.9 1.53 Ga
642 0.131459 0.51213 5.1 0.70252 −18.3 nd
445 0.165690 0.51234 9.4 0.70203 −25.2 nd
326 0.089057 0.51215 5.6 0.70256 −17.6 nd

dx.doi.org/10.1016/j.precamres.2006.08.012
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1981). Black diamonds: mafic rocks (cumulates and liquids compositio
erived from upper (high positive εSr) to lower crust (low positive εSr

he influence of mineral segregation on the Rb, Sr,
m and Nd elements contents. The crustal contami-
ant corresponds to mean values from the Ky-bearing
ranulitic gneisses. Tests have been done with slightly
ifferent ε values corresponding to a more primitive
ource, but calculations differ only by about 1–3% of
ontamination. Bulk partition coefficient DNd and DSr
ave been calculated taking in account proportions of
ormative plagioclase, clino- and orthopyroxene, and
livine from an average primitive liquid (values from
hilpotts and Schnetzler, 1979). Modelling results sug-
est that magmas derived from the mantle wedge were
ontaminated by crustal material as suggested by sample
O153. Few samples reflect this mixture and the rela-

ively low SiO2 content of basic samples could not be
xplained by important crustal contamination. In those
onditions, ∼10% of crustal contamination is required
o explain the most contaminated TO153 isotopic
alues.

TDM model ages recalculate for actual Nd upper man-
le at +10, give two groups of ages. The first group,
btained on the mafic rocks, ranges between 1.5 and
.0 Ga as previously obtained by Bernard-Griffiths et al.
1991) and can be interpreted as depleted mantle source
erivation age. The felsic melt (TO69) gives a TDM at
.3 Ga, suggesting that this rock derived from a Paleo-
Please cite this article in press as: Duclaux, G. et al., The mafic layere
Evidence of a Pan-African granulitic continental arc root, Precamb

roterozoic continental crust. Two mafic rocks (TO153
nd TO144b) also give TDM between 2.3 and 2.0 Ga,
uggesting crustal contamination by an old continental
omponent.
–felsic rocks from the Kabyé massif; AFC mixing curve after DePaolo
pty squares: Ky–Grt bearing felsic gneiss. The line separating materials
een proposed by DePaolo and Wasserburg (1979).

A continental arc system would be a convenient set-
ting for crustal contamination of mafic magmas deriv-
ing from an enriched mantle source such as the supra-
subduction mantle wedge. The base of the continental
arc, built up by older gneisses could represent both a
possible contaminant for ascending mafic magmas, and
a source for the Al-rich felsic magmas.

4.5. Cumulate variation within the layered
magmatic sequence

Within igneous layered complexes, the upwards suc-
cession of cumulates represents a reliable record of the
mineralogical sequence of crystallization that occurs
during cooling and solidification of a magmatic cham-
ber. Therefore it reflects variations through time of the
magma composition, of the crystallization parameters as
P, T or fO2 and also of the dynamic evolution of the mag-
matic chamber as open and/or closed system with peri-
odic refilling by primitive magma and mixing between
more and less differentiated magmas (Langmuir, 1989).
In the Kabyé massif, mafic granulites show an obvious
and spectacular cm to dm layering, especially at the out-
crop scale, interpreted as an inherited magmatic feature
(Fig. 3a).

If secondary metamorphic transformations did not
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

significantly affect the original magmatic composition of
protoliths (cf. above and Bernard-Griffiths et al., 1991),
granulites chemistry, through CIPW norm calculations,
should be used to assess primary mineralogy of cumu-

dx.doi.org/10.1016/j.precamres.2006.08.012
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Table 4
Selected analyses of representative samples from the cumulitic sequence of the Kabyé complex

TO67 K17-4 K17-1 K17-12 TO132 AF6436 TO66 TO70

SiO2 49.46 53.12 51.35 60.67 48.57 55.38 44.65 49.34
TiO2 0.47 1.19 0.34 0.93 0.68 1.10 1.55 0.45
Al2O3 6.67 18.74 5.16 17.31 8.06 18.44 13.73 27.62
FeOt 10.96 7.96 8.69 5.61 10.59 7.29 15.69 3.10
MnO 0.20 0.14 0.18 0.11 0.19 0.12 0.20 0.04
MgO 18.75 4.67 20.00 2.80 15.84 3.87 10.33 1.47
CaO 12.17 8.48 14.00 5.24 15.16 8.10 11.70 13.63
Na2O 0.44 4.23 0.23 4.35 0.64 4.24 0.93 3.15
K2O 0.01 0.59 0.03 2.09 0.03 0.88 0.07 0.22
P2O5 0.01 0.31 0.01 0.24 0.01 0.15 0.02 0.08
LOI 0.00 0.00 0.00 0.35 0.00 0.46 0.00 0.16

Total 100.14 100.13 100.84 100.32 100.85 100.31 100.16 99.60

XFe × 100 36.89 63.02 30.29 66.71 40.07 65.32 60.30 67.83
Ca2O/(Na2O + K2O) × 100 27.04 1.76 53.85 0.81 22.63 1.58 11.70 4.04
Mg# 0.58 0.33 0.65 0.29 0.55 0.30 0.35 0.28
Al2O3/MgO 0.36 4.01 0.26 6.18 0.51 4.76 1.33 18.79

CIPW norm
Q 2.22 4.04 2.10 13.26 0.64 4.67 3.82 0.44
Or 0.06 3.48 0.18 12.37 0.18 5.21 0.41 1.31
Ab 3.71 35.64 1.93 36.78 5.36 35.89 7.81 26.77
An 16.12 30.27 12.82 21.50 18.83 28.69 32.84 60.84
Ab + An 19.83 65.91 14.75 58.28 24.19 64.58 40.65 87.61
Di 34.20 7.68 43.48 2.42 43.25 8.66 19.24 5.23
Hy 30.87 8.08 29.39 5.88 19.21 10.45 16.76 1.28
Ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mt 0.65 0.46 0.58 0.36 0.62 4.01 0.65 0.13
Hm 11.69 8.51 9.17 5.98 11.24 0.00 16.88 3.37

0 0.00 0.00 2.09 0.00 0.00
2 0.52 0.02 0.33 0.04 0.18

Fig. 8. REE patterns of cumulates of the Kabyé massif emphasiz-
ing that whole rock composition is closely controlled by the dom-
II 0.00 0.00 0.0
Ap 0.02 0.67 0.0

lates. Taking into account the spatial location of samples,
a first attempt has been made in order to constrain the
distribution of cumulates within the complex, and if pos-
sible to recognize an inherited igneous stratigraphy and
igneous crystallization order.

Table 4 lists the major and trace elements concen-
trations of some representative samples of cumulates.
Related CIPW-norms were calculated using the method
of Irvine and Baragar (1971).

As shown by Bernard-Griffiths et al. (1991), REE pat-
terns of Kabyé cumulate rocks reflect the proportions
of the major cumulus minerals. Two different types of
REE patterns are distinguished (Fig. 8), which are related
to dominant crystallization of Pl (anorthositic type) and
Cpx (clinopyroxenitic type). This clearly underline the
difficulty of using cumulates to assess magmatic sources
Please cite this article in press as: Duclaux, G. et al., The mafic layered complex of the Kabyé massif (north Togo and north Benin):
Evidence of a Pan-African granulitic continental arc root, Precambrian Res. (2006), doi:10.1016/j.precamres.2006.08.012

and tectonic settings of mafic layered complexes. In fact,
their geochemical signatures (except isotopes) reflect
mainly physical mechanisms controlling both crystals
settling and segregation (concentration) and melt extrac-

inant crystallization of plagioclase and clinopyroxene. For example
the La/Nd ratio are, respectively, highly positive for Pl-rich cumu-
lates and negative for the Cpx-rich cumulates. Furthermore, a positive
Eu anomaly characterized the Pl-rich cumulates. Normalization to N-
MORB (Hofmann, 1988).

dx.doi.org/10.1016/j.precamres.2006.08.012
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Fig. 9. Chemical cryptic and normative variation of cumulates composition along section A–A′ (Fig. 2a) showing the cyclic crystallization of
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aO/(Na2O + K2O) × 100. � possible thrust disturbing the original ig

ion rather than chemical processes dominated by par-
ial melting and fractional crystallization, i.e. processes
elated to geodynamic environment.

.5.1. Major elements and modal variations of
umulates at a local, kilometric scale

Variation diagrams (Fig. 9) have been used to con-
train evolution of a sequence of cumulates along the
–A′ section in the southern central part of the massif

Fig. 2). This section of about 2 km long cuts across the
ain layering strike. Samples are separated of hundreds

f metres and indicate sequential crystallization of cumu-
ates with a global differentiation polarity from NW to
E. This section (Fig. 2) does not represent an exhaustive
ampling of each layer but may be considered to reflect
edium scale variations into the complex. From NW to
E, CIPW variations indicate a sub-regular alternation
f mafic melanocratic bands (TO67, K17-1, TO132 and
O66) and mafic to intermediate leucocratic bands (K17-
Please cite this article in press as: Duclaux, G. et al., The mafic layere
Evidence of a Pan-African granulitic continental arc root, Precamb

, K17-12, AF6436 and TO70), respectively, dominated
y pyroxene and plagioclase as the dominant cumulitic
hase. In the same way, the section displays a global
volution marked by increasing normative plagioclase
towards the East, i.e. the top of the section. Italic numbers correspond
d continuous lines represent variation of, respectively, XFe × 100 and
yering of cumulates.

(PlN), coupled with decreasing normative Orthopyrox-
ene (HyN) and Clinopyroxene (DiN) contents. This could
be interpreted as a bottom (NW) to top (SE) trend of
differentiation. But an anomaly is noted by the more
primitive composition of sample K17-1 relative to TO67.
Either a re-injection event or a tectonic repetition could
have been responsible for this local inverted igneous
polarity. According to field observations and structural
mapping, the tectonic duplication seems to be the best
explanation. The base of the cumulates section is close to
a major thrust (Fig. 2) and several hundreds metre scale
folding, or thrusting, is likely to have occurred and dis-
turb the initial magmatic sequence. Therefore, if TO67
is replaced by K17-1 at the base of the sequence, an
inverse correlation of normative proportions, decreasing
HyN and DiN and increasing PlN can be observed.

Moreover, at the scale of the A–A′ section, chemi-
cal cryptic variations may be reported: the Al2O3/MgO
ration increase from bottom to top, indicating sequential
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

fractional crystallization of ferromagnesian and feldspar
phases. In the same way, XFe increases, marking Mg
depletion into ferromagnesian phases that is character-
istic of magmatic series evolution. CaO/(K2O + Na2O)

dx.doi.org/10.1016/j.precamres.2006.08.012
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Fig. 10. Chemical evolution of the Kabyé complex cumulates. (a)
(K2O + Na2O)/(Al2O3 + CaO)/(FeOt + MgO) diagram showing the
chemical evolution of cumulates of the Kabyé massif. Mean compo-
sitions of minerals have also been reported. Inset: sketch explaining
the color code used for samples with respect to their location within
the massif; green: western area (i.e. lowermost section of the com-
plex), blue: centre and orange: eastern area (i.e. uppermost section).
Dashed arrows correspond to differentiation trends into the different
sections of the layered complex and the black arrow underlines the
global differentatiton trend at the scale of the massif. Within each
section, i.e. main sequences, the gap between pyroxenitic and plagio-
clasic cumulates probably reflects the composition of initial magmas
(coloured field) before cumulates crystallization. At the scale of the
complex, initial magmas look more and more evolved toward the East,
i.e. the geometric top, indicating a global differentiation trend. (b)
ARTICLEPRECAM-2720; No. of Pages 18
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ratio also decreases, controlled by crystallization of more
and more sodic feldspars, another sign of magma differ-
entiation.

In conclusion, cumulates seem to be more and more
differentiated from West to East, pointing out a normal
igneous polarity for the magmatic sequence. This mag-
matic feature may be locally disturbed by secondary
tectonic structures such as thrusting with some dupli-
cation.

4.5.2. Major elements and modal variations at the
scale of the Kabyé massif

Constraining large scale magmatic geometry for the
A–A′ section has to be carefully undertaken due to late
intra-body deformation under amphibolite facies meta-
morphic conditions. The Kabyé massif has been split
into three different regions relative to large scale mono-
clinal structures. Samples from the western, central and
eastern part of the massif are distinguished in Fig. 10.

A set of 44 chemical analyses of cumulates have
been plotted in Fig. 10. A significant discrimination of
the various cumulates may be carried out as they are
scattered between the representative points of the four
main minerals (plagioclase, clinopyroxene, orthopyrox-
ene and olivine) that occur in various proportions.
Most of the samples plot along the (FeO + MgO)–
(Al2O3 + CaO) line, i.e. the olivine–orthopyroxene–
clinopyroxene–plagioclase line, according to the mafic
nature of parent magmas. Different types of cumulates
are clearly discriminated: pyroxenites and olivine pyrox-
enites, gabbros and noritic gabbros, and anorthosites. If
the location of samples within the massif is considered
(Fig. 10a), it appears that (i) the lowermost (western)
part is built up by mainly melanocratic cumulates, rich
in Opx or Ol bearing gabbros and subordinate leuco-
cratic gabbros, (ii) the middle part by less melanocratic
cumulates, dominant gabbros and some anorthosites and
(iii) the upper (eastern) part presents an homogenous
petrological composition with dominant gabbros. Such
a sample distribution demonstrates the eastwards dif-
ferentiation trend of the Kabyé layered complex. This
igneous polarity is also confirmed by the evolution of
mineral chemistry as shown by the higher Na2O con-
tents of plagioclases (Fig. 10a) and higher FeOt/MgO of
pyroxenes (Fig. 10b) from cumulates from the middle
and upper parts and from the lower part, respectively.

In the same way, the mineral crystallization sequence
may be defined as Ol–Opx–Cpx–Pl as successive cumu-
Please cite this article in press as: Duclaux, G. et al., The mafic layere
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lus phases from parent magma. Such a sequence char-
acterized by the late crystallization of feldspar is typical
of calc-alkaline suites (Groves and Baker, 1984) and the
early occurrence of Opx suggests a high silica activity
MgO/CaO/FeOt diagram illustrating the eastward differentiation trend
of cumulates as suggested by increasing FeO/MgO values of pyrox-
enes. Color code similar to (a).

(Beccaluva et al., 1984) may be in relation with crustal
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

contamination.
Thus, the Kabyé layered complex can be considered

as in situ crystallization of a single major magma cham-
ber, with a differentiation polarity from west to east, i.e.

dx.doi.org/10.1016/j.precamres.2006.08.012
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rom bottom to top of the complex, and possibly derived
rom a unique parental magma.

. Discussion

.1. Origin of the Kabyé massif

.1.1. Arc magmatism
The mafic rocks and their compositions emphasize

he homogeneity of the entire massif in terms of its man-
le origin. Major, trace and REE elements data indicate
hat the Kabyé mafic rocks have a magmatic arc signa-
ure. Furthermore, the lack of correlation between Nb
nd εNd underlined that Nb depletion reflect a source
haracteristic confirming an arc environment for mafic
ocks genesis. Considering the pressure of equilibration
f parageneses (∼9 kbar), the Kabyé massif is a well
reserved example of a typical mature arc with crustal
hickness between 30 and 40 km (Green, 1992), i.e. the
oot of the magmatic arc.

.1.2. Crustal contamination and continental arc
rigin

Occurrence of mainly cumulative mafic arc-related
agmas indicates deep conditions of crystallization in

ccordance with thermobarometric estimations (Hilairet,
004; Duclaux et al., 2004). Furthermore, Nd and Sr
sotopes point out contamination processes of the arc-
elated magma chamber by up to 10% melts sourced
rom the continental crust. Source derivation age (TDM)
round 2.3 Ga for felsic melts suggest that these rocks
erived from the Sahara Meta-Craton. Moreover, the
afic contaminated rocks with εNd comprises between
and −7 have similar TDM ages, underlining an inter-

ction between mantle-derived component (positive εNd
ounger TDM 1.5–1.0 Ga) and the Sahara Meta-Craton.

Felsic melts, derived from melting of primary con-
inental crust would be produced by the intrusion of
he mafic magma. Other example of such melting was
roposed by McMillan et al. (2003) for the Neoprotero-
oic Ranomandry Complex in central Madagascar. This
abbro complex is also a calc-alkaline body with very
ubordinate felsic magma. The latter are restricted to the
omplex margins, and their mineralogy is compatible
ith that of the Kabyé felsic dykes in spite of a lower
ressure equilibration, as indicated by the absence of Ky.
s discussed by McMillan (op. cit.), the occurrence of a
ell preserved mafic body associated with granite mag-
Please cite this article in press as: Duclaux, G. et al., The mafic layere
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as argues for a structurally homogeneous lower crust
ithout important shear zones which would have drained

way low density felsic magmas. Intrusion into the con-
inental crust of a large high temperature magmatic mafic
 PRESS
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body could be a valuable heat source to trigger melting of
the lower continental crust and then produce important
migmatite terranes (Laube and Springer, 1998; Dufek
and Bergantz, 2005).

5.2. Preservation of magmatic layering in a
granulitic continental arc

The chemical composition and layering in the Kabyé
magmatic arc have been described and indicate a typical
calc-alkaline crystallization sequence with typical mag-
matic compositional features of in situ crystallization
in the magma chamber. Moreover, the overall evolution
within the massif from West to East, i.e. from bot-
tom to top, reflects an original magmatic differentiation
trend. Normal igneous polarity of cumulates indicates
that the Kabyé complex has not been overturned but
just tilted during Pan-African collision. Detailed study
of the chemistry of the metacumulates seems to be a
powerful tool for investigating metamorphic (but not
altered) mafic rocks. Other examples of well-preserved
high-grade magmatic arc rocks are known from the
Jijal complex in Kohistan (Bard, 1983; Burg et al.,
1998; Yamamoto and Nakamura, 2000) and Fiordland
arc in New Zealand (Clarke et al., 2000). Compara-
ble fragments of Pan-African magmatic arcs outcrop
along the Braziliano Pan-African Belt further to the
south (Campanha and Sadowski, 1999) and northward
in Hoggar (Caby, 2003). Most of the examples have been
studied specifically for their metamorphic assemblages
and reactions. But, few relevant data are available regard-
ing their geochemistry and the possible recognition and
description of inherited magmatic features.

5.3. Comparison with other mafic and ultramafic
massifs along the suture zone

Ultramafic and mafic massifs from the Dahomeyides
suture zone, witness oceanic closure and amalgama-
tion of Gondwana super-continent during Pan-African
time between 640 and 540 Ma. Association of gran-
ulitic and eclogitic mafic bodies along a single suture
zone reflects a tectonic mélange of different high grade
rocks coming from both plates acting during subduc-
tion. Geochemical affinities and metamorphic evolution
allow the distinction to be made between materials from
the upper and lower plates in a subduction environment.
As pointed out by Agbossoumondé et al. (2001), the Lato
d complex of the Kabyé massif (north Togo and north Benin):
rian Res. (2006), doi:10.1016/j.precamres.2006.08.012

and Toutouto hills mafic complexes display MORB like
geochemical signatures and a clockwise metamorphic
evolution from eclogitic to granulitic and the retrogres-
sion to amphibolitic facies conditions between 610 and

dx.doi.org/10.1016/j.precamres.2006.08.012
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580 Ma. Agbossoumondé (op. cit.) interpreted these bod-
ies as exhumed fragments of the WAC margin previously
subducted and metamorphosed under eclogitic facies
conditions. Moreover, Agbossoumondé et al. (op. cit.)
show that igneous protoliths of the Agou granulitic com-
plex have REE characteristics of plagioclase cumulates,
further supported by major element signature as well
as trace elements contents, and displaying calc-alkaline
affinities. Such geochemical features are consistent with
an active continental margin environment, and very sim-
ilar to the Kabyé complex environment. It is reasonable
to consider the origin of the Agou massif is a magmatic
body emplaced and cooled at the base of a continental
crust in a supra subduction zone, as proposed in this
paper for the Kabyé complex. Considering the dom-
inantly westward verging of the structures along the
Dahomeyides suture zone (Affaton, 1990; Attoh et al.,
1997; Attoh, 1998; Agbossoumondé et al., 2004; this
study) and the occurrence of eclogitic bodies with WAC
affinity, it has been proposed that the initial subduc-
tion plane was dipping eastward, beneath the Benino-
Nigerian shield. Thus, in this global tectonic context, the
Kabyé and the Agou massifs developed on the western
continental active margin of the SMC.

Further to the South, Attoh and Morgan (2004) com-
pare granulitic and eclogitic mafic bodies along the
Dahomeyides suture zone in Togo and Ghana. But the
authors do not clearly separate the magmatic complexes
deriving from the over-riding and the subducted plates,
respectively. However, from a geochemical point of
view, most of the analyses cannot be used in the appro-
priate discrimination diagrams because a number of
them correspond to cumulate rather than to liquid com-
positions. Only two samples with liquid composition
(KB65 and KB67) can be clearly identified according
to our criteria. Considering the lack of Ta depletion,
an arc source for these magmas is debatable. Further-
more, without isotope data, island arc affinities of the
magma cannot be attested fully. Thus, for a better under-
standing of the Pan-African orogeny, it will be essential
to acquire an improved geochemical knowledge of the
high grade mafic rocks from SE Ghana but also north-
wards from Derouvarou, North Benin (Aicard, 1957) and
Amalaoulaou in the Gourma region of Mali (La Boisse,
1979) where, today no detailed geochemical studies have
been completed.

6. Conclusion
Please cite this article in press as: Duclaux, G. et al., The mafic layere
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This petrological and geochemical study of the Kabyé
massif places important constraints on the origin of gran-
ulitic rocks along the Dahomeyides suture zone, and
 PRESS
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more generally concerning the origin of large-scale Pan-
African metamorphic terranes worldwide. We demon-
strate that the Kabyé massif corresponds to the root
of a continental arc mainly built up by plagioclase or
clinopyroxene bearing metacumulates with very subor-
dinate crosscutting felsic melts of continental origin.
Modelling of isotopic data suggests that some mafic
rocks may result from contamination of mantle wedge
derived magmas by crustal materials from the Saharan
Meta Craton, i.e. assimilation of felsic material, up to a
maximum of 10%. In spite of a slight disturbance by later
westward thrust tectonics, the original geometry of the
magma chamber and the magmatic sequence of differen-
tiation are well preserved. The layered complex displays
more and more differentiated cumulates from west to
east. A brief review of the available geochronological
data suggests that the Kabyé massif developed between
640 and 610 Ma on the western margin of the SMC dur-
ing eastward dipping subduction of the oceanic domain
bordering the eastern passive margin of the WAC. Agou
massif in South Togo is an other good example Further
investigations, in Ghana, Benin and Mali, along this well
preserved Pan-African subduction zone, and in Brazil,
will improve in defining the timing and subsequent amal-
gamation of West Gondwana.
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