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Abstract

The Tin Zebane dyke swarm was emplaced at the end of the Pan-African orogeny along a mega-shear zone separating
two contrasting terranes of the Tuareg shield. It is located aong the western boundary of the Archaean In Ouzzal rigid
terrane, but inside the adjacent Tassendjanet terrane, strongly remobilized at the end of the Precambrian. The Tin Zebane
swarm was emplaced during post-collisional sinistral movements along the shear zone at 592.2 + 5.8 Ma (19WR Rb-Sr
isochron). It is a dyke-on-dyke system consisting of dykes and stocks of gabbros and dykes of metaluminous and peralkaline
granites. All rock types have Sr and Nd isotopic initia ratios (Sr; = 0.7028 and &4 = +6.2) typical of a depleted mantle
source, similar to the prevalent mantle (PREMA) at that period. No crustal contamination occurred in the genesis of the Tin
Zebane swarm. Even the samples showing evidence of fluid interaction (essentially alkali mobility) have the same isotopic
signature. The peralkaline granites have peculiar geochemical characteristics that mimic subduction-related granites: this
geochemical signature is interpreted in terms of extensive differentiation effects due to late cumulates comprising aegirine,
zircon, titanite, allanite and possibly fergusonite, separated from the liquid in the swarm itself due to magmatic flow
turbulence. The Tin Zebane dyke swarm is thus of paramount importance for constraining the differentiation of mantle
products to generate highly evolved alkaline granites without continental crust participation, in a post-collisional setting.
© 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In a post-collisional setting, alkaline magmatism
commonly occurs in the form of high-level plutons

— . ) ! and dyke swarms that intrude after calc-akaline
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tween the peralkaline and metaluminous alkaline se-
ries are aso the subject of discussion as are the
possible sources of these series, either the continental
crust (Clemens et al., 1986) or the mantle (eg.,
Bonin, 1996).

Shear zone related dyke complexes from colli-
sional orogens are an important target since they
were mostly emplaced during the strike-slip motion
(tens or even hundreds of km) of the lateral move-
ment of the terranes. Such large shear zones can be
considered as lithospheric faults that may be the
locus of drainage of mantle-derived magmas sam-
pled at variable depths. Such shear zones are
widespread in the Pan-African rocks of the western
part of the Tuareg shield, at about 150 km east of the
main suture with the 2 Ga old West African craton.
Severa dkaine dyke complexes have been de-
scribed in this domain (Dostal et a., 1979). Among
them, the post-collisional group comprises méafic,
silica-undersaturated and alkaline—peralkaline rock
types.

This study focuses on the Tin Zebane alkaline—
perakaline dyke swarm that intruded after the colli-
sion-related HT—HP Pan-African regional metamor-
phism. It was emplaced during strike-slip movements
along N-S trending mega-shear zones that are re-
sponsible for the important relative movements of
the several terranes constituting the Tuareg shield.
The Tin Zebane swarm is thus typically post-colli-
sional.

2. Geological setting

The Tuareg shield is composed of several terranes
welded together during the Pan-African orogeny
(Black et a., 1994; Fig. 1). It formed during two
major collisional periods, an early intense collision
with the East Saharan craton at 750—660 Ma, in the
East (Black and Liégeois, 1993; Liégeois et al.,
1994) and a late more gentle oblique collision with
the West African craton at 630-580 Ma, in the West
(Black et al., 1979; Caby et al., 1981; Liegeois et al.,
1987). These collisions induced large movements
along mega-shear zones and mega-basal thrusts in-
ducing in turn important relative displacements be-
tween the different terranes (several hundred km;
Caby, 1968; Liégeois et al., 1994). The latter are

variously composed of Pan-African juvenile rocks
with reactivated and/or preserved Archaean—
Palaeoproterozoic rocks. Emplacement of widespread
calc-alkaline batholiths has accompanied the relative
movements (Black et al., 1994). The end of these
movements was often marked by the intrusion of
high-level plutons, dyke swarms and plateau lavas of
akaline composition (Liégeois and Black, 1987) or
of transitional affinity (Azzouni-Sekkal and Boisson-
nas, 1993). Terrane boundaries are often marked by
mafic—ultramafic bodies, potentially ophiolitic, and
by late elongated molassic basins (Fig. 1).

The post-collisional akaline to peralkaline mag-
matism is mainly located to the west of the shield
(Fourcade and Javoy, 1985; Liégeois and Black,
1987). Alkaline magmatism in the central and east-
ern parts of the shield is either very limited in
volume (some facies of the ‘ Taourirt’-type plutons,
Azzouni-Sekkal and Boissonnas, 1993) or much
younger than the Pan-African orogeny such as the
Alir ring-complexes at ca. 410 Ma (Moreau et al.,
1994) or recent volcanism (Atakor, Girod, 1971;
southern Air, Moreau et al., 1991). Immediately to
the west of the main suture, within the West African
craton, the 270-160 Ma Tadhak carbonatite-bearing
silica-undersaturated ring-complexes are also younger
(Liégeoiset al., 1991). Moreover, the post-collisiona
late Pan-African alkaline magmatism is mainly con-
centrated within the Kidal and Tassendjanet terranes
west of the Archaean granulitic In Ouzza terrane
(Caby, 1996; Fig. 1.

The western branch of the Pan-African Trans-
Saharan belt (Kidal terrane in Mali and Tassendjanet
terrane in Algeria; Black et al., 1994; Fig. 1) com-
prises spectacular alkaline dyke swarms in northern
Mali (Boullier et al., 1986; Liegeois and Black,
1987). These swarms were emplaced in the rigid,
aready cooled, Pan-African crust; they are penecon-
temporaneous to the deposition of molassic series.
Their Rb—Sr ages are bracketed between 560 and
540 Ma (Liégeois and Black, 1987; Liégeois €t al.,
1996). In Western Hoggar, a few akaline—peral-
kaline plutons, sometimes associated with calderas,
are known (e.g., the In Zize complex; Fourcade and
Javoy, 1985 and references therein). On the other
hand, older, shear zone related and deformed dyke
complexes, considered as late with respect to the
regional metamorphism (Caby, 1970) have been de-
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Fig. 1. The Tuareg shield. (A) Sketch map of the Tuareg Shield with terranes boundaries (Black et al., 1994). (B) Western part of the Tuareg
shield. Slightly and strongly reworked terranes are made of Archaean and Proterozoic sequences. The suture separates the West African
Craton (WAC) from the Tuareg Shield. Ki: Kida, Ou: In Ouzzal, Tas: Tassendjanet, Til: Tilemsi, Tim: Timetrine, Tir: Tirek, Za Tin

Zaouatene, Ugi: Iforas granulitic unit.

scribed in the same area (Dostal et a., 1979). The
Tin Zebane dyke swarm belongs to these complexes.

The Tin Zebane dyke swarm was emplaced at the
eastern margin of the Tassendjanet terrane, along a
major fault separating it from the In Ouzzal terrane.
This sinuous several hundreds km long West Ouzza-
lian fault is marked in the In Ouzza only by low-
temperature cataclasites and mylonites of severa
metres to severa tens of metres of width at most,

while in the Tassendjanet terrane, it is much larger
and pervasive (Fig. 2). It had a post-metamorphic
sinistra movement of about 150 km (Caby, 1968).
The Tassendjanet and In Ouzza terranes behaved
differently during the Pan-African orogeny. The
Pan-African imprint was very slight (T° < 280°C) in
the In Ouzza terrane which preserved its Palaeopro-
terozoic ultrahigh temperature (1000°C, Ouzegane
and Boumaza, 1996) and granulite facies metamor-
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Fig. 2. Geological sketch map of the Tin Zebane area (Dostal et a., 1979). (1) Dyke swarm of Tin Zebane: akaine—peralkaline granites and
pyroxene gabbros and dolerites; (2) main bodies of olivine gabbros; (3) country rocks of the swarm: metasediments and gneisses of

Tassendjanet series; (4) Archaean granulitic formation of In Ouzzal.

phic parageneses. This terrane behaved as a rigid
cratonic block during the Neoproterozoic; it was
most probably attached to its Palaeoproterozoic
lithosphere. In contrast, the Pan-African evolution of
the Tassendjanet terrane is marked by major thrust
sheets, HT—HP metamorphism, abundant magma-
tism and volcanism (Caby, 1970).

The Tassendjanet terrane, host of the Tin Zebane
dyke swarm, recorded nearly the whole Pan-African
Wilson cycle. It is composed of (1) an Eburnian
gneissic basement in the north, covered by ortho-
quartzites interleaved with akaline metarhyolites

dated at 1.75 Ga (Caby and Andreopoulos-Renaud,
1983); (2) a ca. 1 Ga Stromatolite series made of
quartzites and limestones intruded by (3) thick ultra-
mafic and gabbroic sills (pre-Pan-African oceanic
domain at ca. 790 Ma, Dostal et a., 1996) and
quartz diorites and granites; (4) thick basaltic to
andesitic series (active margin; Chikhaoui et al.,
1978; Caby, 1987). These volcanics were reworked
to form a thick marine, juvenile Neoproterozoic
grauwacke unit with volcanic intercaations (‘ Série
verte’, 690-630 Ma, Caby et a. 1989). The
tectono-metamorphic evolution of monocyclic
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metasediments along the In Ouzzal terrane is charac-
terized by an early system of west-verging recum-
bent folds synchronous with prograde medium tem-
perature mineral assemblages (chloritoid, kyanite,
staurolite) in metapelites with the occurrence of ret-
rogressed eclogites in garnet amphibolites, consistent
with T° around 550-600°C. (5) Syn-kinematic calc-
akaline plutons correlated with the Iforas batholith
(630-580 Ma; Liégeois et al., 1987) intruded to the
west with the development of younger high-tempera-
ture, low-pressure conditions (Caby, 1987). (6) Ex-
humation of the root of the Tassendjanet terrane was
coeva with infill of continental molassic graben
(“ Série pourpréee’) between 570 and 530 Ma.

3. The Tin Zebane dyke swarm
3.1. Field data

The Tin Zebane dyke swarm post-dates the re-
gional HP—HT Pan-African metamorphic event af-
fecting its country-rocks (mainly kyanite-bearing
quartzites and schists deposited during the Palaeo-
proterozoic). It was thus emplaced prior to the brittle
tectonics associated with graben development and
emplacement of undeformed dyke swarms of aka
line to perakaline composition (generation V of
Dostal et a., 1979). These field relationships indi-
cate an age bracket of 630-540 Ma for the Tin
Zebane dykes.

The Tin Zebane dyke complex is a 10 km wide
sigmoid dense swarm located along the West Ouzza
lian fault at lat. 22°20'N (Fig. 2). It is composed of
fine-grained alkaline and peralkaline granites and of
gabbros, being then typically bimodal. Intermediate
rocks and few rhyolites are recorded but are rare.
The dykes are severa km in length and from less
than one metre to several metres in width. This is a
dyke-on-dyke swarm, without any screen of
country-rocks. Gabbros from the main body (30
km?, ca. 5 km thick) display a magmatic layering
defined by variable amounts of plagioclase and
olivine. The felsic dykes constitute a complex net-
work: they apparently root in stocks and become
thinner towards the east, along the fault, where they
grade to ultramylonites.

The swarm shows a large open sigmoidal fold.
This feature is in agreement with opening tension

gashes in awidening transtensional site (Caby, 1970).
The large-scale fold /gash is thus considered as syn-
to late-magmatic; it is probably connected with the
large-scale sinistral displacement along the West
Ouzzalian fault. Most felsic rocks were ductilely
deformed and partially recrystallized under deep
greenschist conditions. This recrystallization oc-
curred during and after the final consolidation of the
magma and uplift of the complex.

3.2. Petrography of the dyke swarm

The Tin Zebane dyke swarm is bimodal. Rocks of
intermediate composition are very rare. The basic
rocks are olivine gabbros or pyroxene gabbros and
dolerites. Some are completely transformed into
greenschist mineral assemblages (calcite—albite—
chlorite—actinote—epidote paragenesis). Primary
magmatic associations are however preserved in the
central part of the main body. Olivine gabbro com-
prises elongated subhedral plagioclase (An,ye,),
large anhedral olivine (Fogs) rimmed by orthopyrox-
ene (En,,), interdtitial augite, and abundant Fe—Ti
oxides (ilmenite and magnetite) with green spinel.
Augite and Fe—Ti oxides are systematically rimmed
by hornblende, which also occurs as individua late
stage grains. Pyroxene gabbros and dolerites are
composed of euhedral labradorite laths, subophitic
augite, rare orthopyroxene and hornblende, Fe—Ti
oxides, titanite and rare apatite. These pyroxene
gabbros and dolerites do not present an igneous
lamination.

The coarse-grained felsic rocks commonly dis-
play variously deformed magmatic assemblages.
Gradual transition into cataclastic to mylonitic tex-
tures can be frequently seen on a few cm scale. The
large crystals are deformed and have granulated mar-
gins leading to the formation of augen; the fine-
grained rocks often show alternating layers or bands
of felsic and mafic minerals. Typical porphyroclastic
and mylonitic microtextures indicate that solid state
deformation occurred after consolidation. However,
dykes with undeformed magmatic fabrics have also
been observed crosscutting deformed dykes. The syn-
to late-kinematic growth of brown or green biotite,
riebeckite and aegirine took place during plastic
deformation. The secondary mineral associations ob-
served in the retrogressed mafic dykes suggest that
the syn-kinematic metamorphism reached deep
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greenschist facies conditions following magma solid-
ification.

The acid rocks can be separated into two groups:
a peralkaline series characterized by sodic pyroxene
and amphibole, and a metaluminous series composed
of biotite-bearing fine-grained granite, sometimes
with granophyric texture. The peralkaline granites
are composed of two feldspars (K-feldspar and al-
bite), quartz, sodic clinopyroxene and amphibole
with accessory titanite, zircon, apatite, allanite, ru-
tile, ilmenite and magnetite. Rarely preserved
perthitic alkali feldspar occurs either as phenocryst
or within the mesostasis; it is often partially trans-
formed to microcline with albite rims. The latter is
also present as small anhedral to subhedral grains.
The quartz, in large or small granulated grains, is
always anhedral. The clinopyroxene is an aegirine
often with an aegirine—augite core; it forms late
interstitial, sometimes poikilitic, elongated crystals
or fine needles. It is partly transformed to riebeckite,
which occurs aso as individua subhedral grains
with arfvedsonite cores or as needles. Bictite is rare
and present as thin elongated crystals or rimming the
sodic amphibole or pyroxene. The metaluminous
granites have porphyroclastic texture marked by
feldspars. The K-feldspar is often a perthitic micro-
cline elongated and granulated. Primary plagioclase
is an oligoclase; late albite occurs as rims around
microcline. Most samples are subsolvus, sometimes
granophyric and some samples contain only albite in
the mesostasis. Quartz is late and anhedral. Biotite is
ubiquitous but in small amounts; it appears as inter-
stitial elongated crystals associated with the acces
sory and secondary minerals. Muscovite is well de-
veloped in the granophyres as large, presumably
primary, elongated crystals while, in other granites,
it is scarce and replaces biotite. Only one sample
(534.1) contains abundant hornblende. Accessory
minerals are titanite, magnetite and ilmenite, primary
alanite and clinozoisite, zircon, apatite and rutile.
Garnet israrein biotite granite (Sp,,Gr,, Alm , Pyr,);
it can be abundant in the granophyres where it has a
spessartine composition and a clear magmatic habit
(Sps,GrgAlm,,Pyr,). Pistachite and fluorine are
rare. Secondary chlorite and calcite are common.
Intermediate rocks are uncommon: one sample of a
porphyritic quartz—monzonite is available. It is com-
posed of relict andesine and orthoclase phenocrysts

with quartz and accessory minerals (Fe—Ti oxides,
zircon and allanite) in a groundmass deeply trans-
formed to greenschist mineral assemblage (clinozoi-
site, chlorite, quartz, titanite).

One reddish granophyric leucocratic sample (531)
contains abundant brick-red microcline both as phe-
nocrysts and in the quartz—feldspar mesostasis. Al-
bite is absent. This rock has suffered subsolidus
transformation and fluid interaction, it is classified as
‘metasomatic’. Two other samples share unusual
abundant microcline relative to the other samples.
The first is a devitrified rhyolite (531.2) with dlightly
perthitic microcline and quartz phenocrysts in a
mainly felsic mesostasis. The second (183) is of
felsic composition and contains Fe—-Mg minera
ghosts (formerly aegirine?); it was probably peralka-
line before these subsolidus modifications. Although
having different primary features, these three sam-
ples have been put together in a‘ metasomatic’ group
to reflect their common, athough at different de-
grees, subsolidus transformations.

Locally, some dark fine-grained rocks enriched in
accessory minerals occur as diffuse layers (few cm
thick) in felsic rocks. Sample 538.1 contains abun-
dant quartz, actinolite, rare microcline and over 30%
of accessory minerals: mainly zircon (either colour-
less and inclusion-poor or strongly metamict and
Th-rich) but also titanite, allanite, monazite and other
REE-rich phosphates and Fe—Ti oxides.

4. Geochronology and isotope geochemistry
4.1. Analytical techniques

After acid digestion of the sample and separation
on ion exchange resin, Sr and Nd isotopic measure-
ments have been carried out on a Fisons VG Sector
54 mass spectrometer. All errors are given at the 2o
level. Repeated measurements of Sr and Nd stan-
dards have shown that between-run error is better
than 0.00002. Systematic measurements of the
NBS987 Sr standard during this study gave an aver-
age ¥Sr/ ®Sr value of 0.710267 + 0.000007 (nor-
malised to ¥Sr/ 8Sr=0.1194). The MERCK Nd
standard gave an average “*Nd/ **Nd value of
0.512742 + 0.000008 (normalised to *®Nd/ ***Nd
= 0.7219). Used decay constants (Steiger and Jager,
1977) are 1.42 x 10~ ! yr~! (¥"Rb) and 6.54 1012



Table 1
Sr and Nd isotopic ratios

Sample Rb Sr 8Rb/8sr 85/ 8g 20, Stisen Sm Nd 147Sm/¥Nd - 1°Nd/¥Nd 20, Enasoz  Towm
a b c
G 188.2 050 432 0.0033 0.702834  0.000015 0.702806 0.63 220 0.17320 0.512636 0.000045 1.7 1478 2015 1519
G 533 6.35 442 0.0415 0.703151 0.000017 0.702801 1.80 6.80 0.16011 0.512836 0.000009 6.6 675 939 617
QM 532 17.88 183 0.2831 0.705275 0.000011 0.702885 7.00 3595 0.11777 0.512677 0.000006 6.7 634 776 598
PG 5451 50.5 10.14 14.596 0.826752 0.000010 0.703539 5.30 23.00 0.13938 0.512709 0.000005 5.7 740 938 701
PG 540.1 56.6 590 28.207 0.875178 0.000016 0.637060 5.80 39.00 0.08995 0.512555 0.000005 6.5 641 752 614
PG 546 535 7.64 20.599 0.870594 0.000016 0.696698 7.40 51.00 0.08776 0.512542 0.000005 6.4 646 754 619
PG 5452 63.8 452 42257 1.049651 0.000013 0.692927 10.20 66.00 0.09347 0.512482 0.000004 4.8 745 867 721
PG 269.6 62.0 15.28 11.853 0.799935 0.000013 0.699878 4.60 27.00 0.10305 0.512671 0.000005 7.7 563 680 530
PG 269.4 54.4 20.70 7.648 0.765028  0.000009 0.700465 7.68 53.50 0.08682 0.512586 0.000004 7.3 592 696 563
PG 545 514 9.26 16.281 0.835439 0.000018 0.697998 2.10 9.20 0.13806 0.512700 0.000008 5.7 745 939 707
PG 269.2 51.6 468 32.621 0.947144 0.000011 0.671760 2.70 14.50 0.11262 0.512589 0.000006 5.4 727 870 697
MG 534.1 92.3 81.2 3.299 0.731801 0.000007 0.703952 5.20 26.00 0.12097 0.512664 0.000007 6.2 673 825 639
MG 526 96.2 38.0 7.358 0.766182 0.000012 0.704063 7.39 35.87 0.12461 0.512700 0.000006 6.7 642 796 605
MG 538.2 72.8 37.6 5.619 0.751109 0.000011 0.703671 7.90 24.00 0.19910 0.512966 0.000005 6.2 959 2167 847
MG 525.1 84.2 139 17.725 0.857611 0.000012 0.707982 11.74 56.01 0.12678 0.512758 0.000005 7.6 564 714 522
MGr 531.1 94.0 439 6.227 0.757677 0.000009 0.705111 4.80 24.00 0.12097 0.512635 0.000005 5.7 717 873 684
MGr 527.1 74.4 374 5.780 0.748905 0.000043 0.700111 9.50 43.00 0.13363 0.512682 0.000005 56 356 475 309
MGr 180 67.4 26.2 7.496 0.764841 0.000023 0.701559 8.16 40.87 0.12077 0.512874 0.000006 10.4 739 922 702
mG 183 166 18.73 26.184 0.932882  0.000013 0.711839 9.08 33.65 0.16322 0.512945 0.000010 85 429 663 349
mGr 531 235 72.0 9.503 0.780244 0.000011 0.700021 2.49 1353 0.11131 0.512620 0.000005 6.1 675 812 644
mR 5312 105 30.2 10.176 0.791142 0.000011 0.705239 5.10 22.00 0.14021 0.512757 0.000006 6.6 659 848 614

Nd and Sr isotopic results. Rb, Sr, Sm and Nd contents in ppm. G = gabbro; QM = quartz monzonite; PG = perakaline granite; MG = metaluminous granite; MGr =
metaluminous granite with granophyric texture; mG = granite from the metasomatic group; mGr = granite with granophyric texture from the metasomatic group; mR = rhyolite
from the metasomatic group. Srisq, (5 Sr /%8St initial ratio) and ,ysq, are calculated at 592 Ma, the age of the Rb—Sr isochron. Variability and too low valuesin Sr; ( < 0.7) are
explained by the high Rb/Sr ratio of several samples. The only reliable Sr; value for Tin Zebane is given by the isochron. Nd model ages (T, ) were calculated following the
depleted mantle parameters from Michard et al., 1985 (a), Goldstein et al., 1984 (b) and Nelson and De Paolo, 1985 (c).
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Fig. 3. (A) Rb-Sr isochron diagram. (B) Sm—Nd isochron diagram.

yr~1 (**7Sm). Isochron calculations were made fol-
lowing Williamson (1968). Results are given in Table
1.

4.2. Results: a PREMA Pan-African mantle produc-
tion

Twenty-one samples (2 gabbros, 1 quartz mon-
zonite, 7 metaluminous granites, 8 peralkaline gran-

ites and 3 ‘ metasomatic’ rocks) have been analyzed
for the Nd and Sr isotopes (Table 1). Nineteen
samples define an isochron in the Rb—Sr isotopic
system giving the following parameters; 592.2 + 5.8
Ma, Sr; (initid 8 Sr/ 8Sr) = 0.70281 + 0.00001
(MSWD = 2.87, 19WR /21; Fig. 3A). In the Sm—Nd
isotopic system, despite the narrow range of Sm/Nd
ratios, 18 samples form nearly an isochron, giving
within error limits an age similar to the Rb-Sr
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Fig. 4. Position of the Tin Zebane (TZ) isotopic Sr (A) and Nd (B) signatures compared to evolution curves of referenced depleted mantle,
prevalent mantle (PREMA) and chondritic uniform reservoir (CHUR). From Allégre and Rousseau (1985), Ben Othman et al. (1984), De
Paolo (1981), Goldstein et al. (1984), Liew and McCulloch (1985), McCulloch and Black (1984), Taylor and McLennan (1985) and Zindler
and Hart (1986); see a general discussion on these various parameters in Rollinson (1993).



Z. Hadj-Kaddour et al. / Lithos 45 (1998) 223-243 231

geochronometer: 580+ 55 Ma, ¢y= +6.2+04
(MSWD = 3.97, 18WR/21; Fig. 3B).There is no
obvious explanation for the outliers in both isotopic
systems.

These data show that the different petrographic
types of the Tin Zebane dyke swarm, that is the
mafic and the felsic rocks, the peralkaline and meta-
luminous granites, are al cogenetic: they all have the
same age and the same source. This source is un-
usual for granites: the isotopic compositions (Sr; =
0.7028 and &yy = +6.2) are indeed characteristic of
a rather depleted mantle, even more depleted than
the least crust-contaminated sample of the subcon-
temporaneous Laouni tholeiitic layered intrusion in
Central Hoggar (Sr; = 0.7029 and &y = +5.1; Cot-
tin et al., 1998). When compared to different mantle
reservoir evolution curves (Fig. 4A and B), the Tin
Zebane Nd and Sr initial ratios are only dightly less
depleted than the different depleted mantle evolu-
tions. This is reflected by the Ty, model ages
(Table 1) which are very close to the emplacement
age: 646 + 37 Ma (mean of 18/21 values) with the
parameters of Nelson and De Paolo (1985) or slightly
older (815 + 43 Ma, mean of 18/21 values) with the
parameters of Goldstein et al. (1984).

The Tin Zebane Nd and Sr initial ratios fall close
to the Prevalent Mantle (PREMA) curve. The
PREMA component corresponds to a source match-
ing a large proportion of the isotopic characteristics
of oceanic basalts (mainly ocean islands), although it
does not correspond necessarily to a physical reser-
voir (Zindler and Hart, 1986). The gabbros, the
metaluminous and peralkaline granites of the Tin
Zebane dyke swarm come then from a source corre-
sponding to the depleted end-member of the ocean
island basalts (OIB) and thus of the alkaline magma-
tism. This indicates the absence of any contribution
of the continental crust. Even a small crustal partici-
pation can be ruled out as the Tin Zebane dyke
swarm has intruded along the Archaean In Ouzzal
terrane which had, at 600 Ma, ¢,y and Sr; values
between —20 and —30 and > 0.720, respectively
(calculated from the data of Peucat et al., 1996). This
indicates that the northwards motion of the rigid In
Ouzzal terrane along the sigmoidal fault created a
transtensional site within the rocks of the less rigid
Tassendjanet terrane that allows mantle melts to
intrude vertically without interaction with the crust.

These isotopic results, in particular the existence
of a single Rb—Sr isochron, indicate moreover no or
very slight element mobility during penecontempora-
neous metamorphism. In the following geochemistry
section, metamorphic effect can then be neglected.

5. Major and trace elements geochemistry
5.1. Analytical techniques

Major elements have been measured by X-ray
fluorescence spectrometry (XRF) at the University of
Liege (CGR-Lambda 2020 instrument) on Li borate
discs except Na which was measured on pressed
powder pellets (Bologne and Duchesne, 1991). Rb
and Sr have been measured by high precision XRF at
ULB for concentrations above 10 ppm and by iso-
tope dilution (MRAC-ULB) below 10 ppm. Other
trace elements have been measured at MRAC (Sec-
tion de Géochimie) by ICP-MS (VG PQ2 + ): the
result of the alkaline fusion (0.3 g of sample+ 0.9 g
of lithium metaborate at 1000°C during 1 h) has been
dissolved in 5% HNO;. The cdibrations were set
using both synthetic solution (mixture of the consid-
ered elements at 2, 5 and 10 ppb) and international
rock standards (BHVO-1, W1, GA, ACE). For Al
these elements, the precision varies from 5 to 10%
(for details, see Navez, 1995). Results are given in
Table 2.

5.2. Results

Thirty samples representative of the different pet-
rographical types have been analyzed. Mafic rocks
are often retrogressed and/or westhered, only two
fresh gabbros have been selected. One intermediate
rock only, a quartz monzonite, was available. This
study is thus mainly focused on the metaluminous
and perakaline granites. The three samples from the
metasomatic group will be also considered.

Both metaluminous and peralkaline series have
mean normative compositions close to thermal mini-
mum Ab,—Or,;—Q,,, suggesting a temperature of
720°C for a pressure of 1 to 2 kbar (Tuttle and
Bowen, 1958). All samples have a Na/K molar
ratio higher than 1, except the metasomatic group
(Fig. 5A). The perakaline and metaluminous gran-
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Table 2

Major and trace element compositions
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Sample Gabbros Q-mz  Peralkaline granites

188.2 533 532 545.1 536 540.1 546 2695 5452 2696 2694 544 545 5402 269.2
Sio, 4708 4747 6709 7522 7613 76.16 7658 76.70 76.78 7680 76.86 76.88 76.88 77.76 78.08
TiO, 0.93 1.39 0.46 0.15 0.38 0.20 0.21 0.20 0.20 0.13 016 0.22 0.17 0.20 0.17
Al,O; 1941 1765 1531 1092 1064 1136 1121 1130 11.05 1130 11.37 1116 1107 1084 11.26
Fe,O4 10.72 10.48 4.08 3.22 4.24 243 231 254 244 253 229 219 2.62 2.68 191
MnO 0.15 0.15 0.06 0.18 0.16 0.10 0.10 0.07 0.09 0.08 0.08 0.10 0.10 0.11 0.07
MgO 754 692 08 025 009 010 011 o008 011 012 005 010 010 008 005
CaO 11.63 1250 1.99 0.26 0.20 0.13 0.21 0.05 0.09 0.20 0.07 0.2 0.11 0.18 0.04
Na,O 2.26 219 7.31 454 4.09 4.31 4.00 431 4.26 3.59 433 391 4.19 4.70 3.72
K,O 1.06 0.23 151 4.13 4.00 4.60 4.93 4,52 4.62 5.10 443 4.62 4.20 3.06 4.66
P,Os 003 011 010 005 003 004 002 003 004 004 003 003 003 002 001
H,0 0.14 1.09 1.06 0.05 0.34 0.02 0.02 0.05 0.05 0.02 040 0.02 0.02 0.02 0.31
Total 99.95 100.2 99.82 9897 1003 9945 99.70 99.85 9973 9991 1001 99.35 9949 99.65 100.3
Al 0.19 0.22 0.89 1.09 1.04 1.06 1.06 1.06 1.09 1.01 105 1.02 1.03 1.02 0.99
\Y 179.0 3020 419 6.1 11 11 0.7 0.6 0.8 21 24 3.0 33 04
Rb 0.5 6.4 17.9 50.6 324 56.6 535 61.6 63.9 62.0 544 46.9 515 36.0 51.7
Sr 4322 4424 1827 88 107 59 76 238 45 1563 207 21 9.3 74 47
Y 34 8.6 43.7 14.8 5.9 8.1 6.5 74 9.8 10.8 124 54 58 4.7
Zr 6.8 270 6377 2040 247 3460 2520 3760 2760 3790 3248 710 730 2820
Nb 0.1 0.6 10.1 35 11 4.8 43 6.2 4.7 24 54 2.0 2.8 30
Ba 33 244 634 117 430 217 196 315 148 200 379 131 116 188
La 15 4.6 32.7 153 33.9 38.0 53.0 42.0 65.0 28.0 58.8 55 5.7 14.0
Ce 33 94 723 430 696 860 1200 890 1280 650 1245 145 167 300
Pr 04 14 9.0 5.6 7.9 10.5 14.0 125 17.0 6.8 145 2.0 23 38
Nd 22 68 360 230 290 390 510 460 660 270 535 92 105 145
Eu 0.48 0.83 2.03 1.02 0.58 0.93 1.23 1.04 1.65 0.95 131 0.45 0.51 0.48
Sm 063 18 700 530 371 580 740 660 1020 460 7.68 210 250 270
Gd 0.78 2.10 6.42 4.80 2.70 3.60 4.90 3.90 6.90 3.80 5.77 1.90 2.10 2.20
Dy 086 210 654 410 136 240 250 240 330 280 289 158 177 135
Ho 0.16 041 131 0.80 0.17 0.42 0.38 041 0.54 0.50 0.45 0.26 0.29 0.23
Er 046 119 392 240 062 145 107 136 148 145 138 083 092 0.78
Yb 0.43 1.09 4.03 3.90 0.94 2.40 1.34 2.40 2.20 1.56 1.76 1.55 148 1.27
Lu 006 015 058 075 017 047 025 050 042 024 032 031 028 024
Hf 0.29 099 1474 7.90 0.66 6.60 4.90 8.10 5.80 5.90 5.98 2.00 2.60 4.90
Ta 010 010 046 024 010 015 010 020 010 010 o011 010 010 0.0
W 0.10 0.22 0.10 0.25 0.10 0.59 0.84 0.73 0.50 3.04 0.10 0.96 0.65 0.10
Pb 027 530 919 174 275 188 19 074 069 320 239 220 450 184
Th 0.12 0.33 5.30 2.00 0.36 2.70 1.59 2.40 1.99 1.97 2.22 0.24 0.41 161
u 005 005 200 054 005 049 022 041 036 036 074 009 039 054

Major and trace element compositions. All major elements in wt.%, all trace elementsin ppm. See Table 1 for the affiliation of each sample.
Q-mz = quartz monzonite. M.S. = mineral segregation (‘magmatic placer’ enriched in accessory minerals such as zircon, dlanite and

titanite). A.l. = Agpaitic index.

ites plot in the same field, the metaluminous granites
being dlightly more sodic. The peralkaline granites
are actually more depleted in Al than enriched in
alkalis (Table 2). They have indeed an agpaitic index
(Al) above 1 (Fig. 5B) and show a clear negative

trend, implying that an alkaline-rich mineral, proba-
bly a sodic pyroxene, fractionated from the melt as a
late cumulus phase. The most silica enriched peralka
line granite (269.2) has Al dlightly lower than 1: this
may be marked by the late crystallisation of particu-
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Metal uminous granites Metasomatic granites M.S.
535 534.1 538 539.1 526 5382 5392 5251 5311 5271 180 531 183 5312 5381
7264 7400 7580 7587 7673 7716 7765 7817 7465 7686 7780 7477 77176 T771.67
0.31 0.27 0.15 0.13 0.14 0.11 011 0.14 0.23 0.15 011 0.17 0.11 0.02
1295 1347 1248 1241 11.82 1151 11.84 1099 1258 1207 1221 1261 9.66 12.23
2.46 1.79 141 1.34 154 0.75 1.60 248 1.66 153 124 142 471 0.76
0.07 0.07 0.04 0.02 0.06 0.07 0.05 0.06 0.03 0.04 0.04 0.02 0.05 0.01
0.32 057 0.24 0.04 0.13 0.12 0.10 0.14 0.23 0.01 0.22 0.04 0.08 0.03
0.95 0.92 1.07 0.37 0.55 0.55 0.30 0.07 0.50 0.24 0.10 0.36 0.03 0.13
517 5.08 3.70 4.38 4.26 4.40 4,74 421 4.35 4.98 491 0.17 211 2.84
3.55 4.33 453 4.57 4.52 4.34 3.55 3.83 4.47 4.08 394 10.83 5.32 6.56
0.06 0.05 0.04 0.01 0.01 0.03 0.01 0.01 0.04 0.06 0.02 0.06 0.09 0.01
0.09 0.34 0.05 0.19 0.54 0.08 0.16 0.19 0.10 0.29 0.25 0.05 0.28 0.30
98.57 100.9 99.51 99.33 100.3 99.12 1001 100.3 98.84 1003 1008 1005 100.2 100.6
0.95 0.97 0.88 0.98 1.01 1.04 0.98 1.01 0.95 1.04 1.01 0.95 0.96 0.96
112 9.7 11 24 38 31 25 48 2.6 17 222 0.4 13 26.7
38.8 924 102.7 71.0 96.2 72.8 60.0 84.2 94.0 74.4 674 2346 1658 1053 3.36
739 812 101.0 38.1 37.7 14.0 439 374 26.2 72.0 187 30.2
47.6 28.0 25.0 73.6 74.0 50.0 1044 26.0 61.0 77.1 225 88.5 27.0 4619
3150 188.0 111.0 3019 66.0 2230 7638 1630 2540 3394 1854 5440 720 22960
14.8 9.2 10.0 24.2 19.6 9.8 27.7 10.2 194 26.1 10.6 18.2 7.9 392
614 383 297 191 487 185 112 379 252 193 774 127 299 197
448 27.0 26.0 41.7 17.7 24.0 55.2 26.0 41.0 43.7 195 22.2 16.9 2324
100.2 61.0 61.0 97.4 39.0 480 1256 54.0 97.0 94.8 414 57.3 45.0 6132
11.9 7.2 6.8 10.1 54 5.8 14.7 6.6 11.6 11.3 40 7.9 5.7 1047
42.8 26.0 24.0 35.9 24.0 230 56.0 24.0 43.0 40.9 135 337 220 4570
1.19 0.80 0.32 0.89 1.23 1.04 1.49 0.57 1.18 0.95 0.31 1.76 0.27 278
8.42 5.20 4.60 7.39 7.90 6.10 11.74 4.80 9.50 8.16 249 9.08 510 1287
6.39 5.30 4.60 6.98 10.80 710 1143 4.80 9.60 7.67 242 9.04 500 1198
7.18 6.10 540 1015 15.00 950 14.69 540 11.70 10.49 3.06 1233 590 1197
1.67 1.28 1.16 221 3.20 2.10 3.13 117 2.50 2.30 0.69 2.69 123 255
471 4.00 3.60 7.00 9.00 6.40 9.58 3.60 7.80 7.19 217 8.52 3.80 601
5.10 4.40 4.00 7.22 7.20 6.70 9.77 4.00 8.00 7.50 256 1031 4.10 458
0.79 0.64 0.57 1.02 0.87 0.94 144 0.56 116 1.09 0.37 1.80 0.59 65.8
8.83 7.40 5.60 9.96 260 1010 18.78 6.80 1020 11.29 532 20.17 4.30 549
0.93 116 1.10 148 2.20 0.98 175 1.06 1.66 1.60 0.86 117 0.94 47.3
0.61 0.10 0.67 0.10 0.49 0.61 0.14 0.91 0.31 0.18 0.25 2.15 0.10 1.34
13.99 8.80 15.70 884 1520 1830 1334 1220 1310 1217 873 1583 15.00 229
3.48 9.90 1040 10.74 4.00 620 1081 1000 1020 11.09 1115 10.64 8.40 324
0.89 3.60 3.70 3.33 0.75 231 3.99 3.00 3.56 4.03 3.66 2.83 3.30 87.7

larly abundant biotite imming aegirine. The metalu-
minous granites show a positive trend at Al values
above 0.87 (the lower limit given by the Iforas
alkaline granitoids; Liegeois, 1988), confirming their
alkaline metaluminous character. Some metalumi-
nous granites have an Al dightly above 1 athough

they do not have a peralkaline mineralogy. The two
series belong to two converging trends, which in-
duces an overlap of metaluminous and peralkaline
granites at high SIO, (Fig. 5B). Sample 538 plots
distinctly off the metaluminous granite trend: it has a
lower agpaitic index (0.88) related to a higher Al /Na



234 Z. Hadj-Kaddour et al. / Lithos 45 (1998) 223-243
% K (mole s
144 % K(mole) — gabbros | 108 | Agpaitic index (B)
<> (A) A quartz monzonite
12 1 O metaluminous granites
© metasomatic group 1047
101 ® peralkaline granites
1.00 EY
87 o
0.96
6 o
0O 0.92
44+ Alkaline metaluminous domain
21 0.88 Al =087 O Sample 538
A
% Na (mole) %Si0,
0 } - - t P 0.84
0 2 4 6 8 10 12 14 67 69 71 73 75 77 79
- 900
%K : ° ;
{ K/Rb= 3000 C I Bappm (D)
. 800 +
sl ( ) E < 531
wro=300 4 T
e L [ A— A
O N—
61 F
; ¢ 500 1
:: O :
; Py 400 A
I F m
4 P .’. B g0 : 534.1
i o o ] Main trend 300 T
! ° K/Rb=100_| b
21 200 ?
a 100 £
; Rb ppm 3 Sr ppm
o= —_— —y 0+ ; ————
0 50 100 150 200 0 50 100 150 200

Fig. 5. (A) Molar Na—K diagram showing the similar position of the perakaine and metaluminous granites (with the latter slightly more
sodic, as a mean) and the position in the K domain of the ‘ metasomatic’ group. (B) Silica (wt.%) vs. agpaitic index [(Na+ K) /Al, in molar
proportions] showing the decreasing trend of the peralkaline series (Al values generally > 1) and the increasing trend of the metaluminous
granites (Al vaues rooted < 1). The lower limit for alkaline granites (0.87) is from Liégeois (1988). (C) Rb ppm vs. % K with the main
trend and the K /Rb ratio = 3000 attained in the tholeiitic basalts (Shaw, 1968). (D) Sr vs. Ba (in ppm) showing that the Ba started to
decrease at lower values of Sr in the peralkaline series than in the metaluminous one, suggesting a greater plagioclase effect in the former

(confirmed by lower Ca and Al).

ratio content. This could be related to the proximity
of the accessory mineral-rich pocket (538.1).

In the K—Rb diagram (Fig. 5C), the Tin Zebane
samples al plot to the left of the main trend (Shaw,
1968) in the high K /Rb field, at the opposite of the
pegmatitic-hydrothermal trend (low K /Rb) that of-
ten characterises the strongly differentiated alkaline

rocks. The Tin Zebane samples thus have rather low
Rb contents suggesting the lack of crustal contamina:
tion, Rb being particularly sensitive to this phe-
nomenon (Pearce, 1983). Although having roughly
the same potassium content, the perakaline group
appears significantly more depleted in Rb than the
metaluminous one. The ‘metasomatic’ group shows
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enrichment in K and in Rb with K/Rb ratios not
dragtically changed. The perakaline series (all sam-
ples have > 75% SiO,) has significantly lower Sr
content but similar Ba content than the metalumi-
nous series (Fig. 5D): this could be due to a more
important plagioclase effect than in the metalumi-
nous series, in agreement with its rather low Al and
Ca contents (Table 2).

The contrasting distributions of major and trace
elements between the two groups of felsic rocks
(perakaline and metaluminous) can be further illus-
trated. The peralkaline series is richer in Fe,O; (Fig.
6A) while Pb and Th are strongly and oddly depleted
in the peralkaline granites (Fig. 6B). In Fig. 6A,
sample 183 has a Fe,O; content similar to the
perakaline group which can be correlated with its
aegirine ghost, while its Pb and Th contents are
similar to that of the metaluminous group (Fig. 6B);
the two other samples of the metasomatic group
belong to the field of the metaluminous group in
both diagrams (Fig. 6A,B). This justifies the setup of
the two series based on the mineralogy.

In MORB-normalized spidergrams (Fig. 7A-C),
the metaluminous series (Fig. 7A) shows classical
patterns for alkaline rocks: trace element enrichment
increases gently with increasing incompatibility of
the elements from right to left. Well-defined negative
anomalies are observed for Sr, Ba, TiO, and P,O;
they can be related to the fractionation of plagioclase
(Sr), K-feldspar (Ba), apatite (P,0O5), ilmenite and /or
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titanite (TiO,). The quartz monzonite (67% SiO,)
distribution shows that K ,0, Rb, Ta, Nb and HREE
behaved as incompatible elements at this stage of the
fractionation process, while the others, particularly
St, P,Os, Zr, Hf and TiO,, behaved compatibly. The
subsequent fractionation of plagioclase, apétite, zir-
con, ilmenite and /or titanite is in agreement with the
observed local accumulation of accessory minerals
(sample 538.1). The metasomatic group (Fig. 7B)
has patterns roughly similar to those of the metalu-
minous granites except for higher K,O and Rb con-
tents and the relatively low TiO,. The peralkaline
series is more peculiar (Fig. 7C): it shows a very
deep Sr anomaly (strong plagioclase effect), a small
Ba anomay (moderate K-feldspar fractionation) and
important negative anomalies for Nb, Ta, Y and Yb.
Samples 536, 540.2 and 545 show that profound
depletion in Zr—Hf islinked to that of Th. This could
be related to the Th-rich zircon of the accessory
minerals-rich rock (538.1; Table 2).
Chondrite-normalized REE spectra of the peralka-
line rocks are also very peculiar (Fig. 8A): they are
variably enriched in LREE (La,, from 15 to 180) and
strongly depleted in heavy REE (HREE), more in the
intermediate ones (Ho, and Ery < 10) than in Yb
and Lu, so that the pattern has a positive slope in the
HREE. They also have a negative Eu anomalies
(Eu/Eu# = 0.56-0.69). The three Zr—Hf-Th de-
pleted samples (536, 540.2, 545) are among the most
HREE depleted samples, enhancing the zircon effect.
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Fig. 6. SIO, vs. Fe,0O4 (A) and Th vs. Pb (B) showing important chemical differences between the peralkaline and metaluminous series.
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The negative anomaly in Ho—Er is not correlated to
the HREE abundance and then not to zircon fraction-
ation. The LREE depletion of samples 540.2 and 545
can be related to alanite fractionation, which is
associated with zircon in sample 538.1, while sample
536 was not so affected. The metaluminous series
displays more typical alkaline patterns (Fig. 8B) with
flat and enriched HREE (15 to 40 X chondrites),
concave LREE and important negative Eu anomalies
(Eu/Eu* = 0.16-0.51). It is noteworthy that the
absolute Eu contents are similar in both series (Fig.
9B): the Eu/Eu= ratio is higher in the perakaline
series due the general lowering of the other REEs
during late agpaitic differentiation. This late magma
evolution, in which feldspars do not play any role,
only dlightly affects Eu and balances the early strong
plagioclase effect supposed to be responsible for the
perakalinity of the series. The metasomatic group
displays spectra roughly similar to the metaluminous
ones. the range of values is nevertheless quite large
with the *seagull’ pattern of sample 183 and the low
abundances of HREE in sample 531. Interestingly,
they do not have the peculiar patterns of the peralka
line group, indicating that the Na—K subsolidus
metasomatism is not at the origin of the REE spectra
of the peralkaline rocks, which is then not compara-
ble to what has been described for the Younger
Granites in Nigeria (Kinnaird and Bowden, 1985).

5.3. A late agpaitic differentiation due to magmatic
flow turbulence

What can then be the causes of the peculiar trace
element distributions of the peralkaline series? Sev-
eral arguments suggest that advanced magmatic dif-
ferentiation has played an important role: (1) the
rocks are al highly differentiated, with SIO, con-
tents in the range 75-78% (Table 2); (2) the de-
crease of the agpaitic index (Fig. 5B) suggests that a
late akali-rich mineral such as a sodic pyroxene
crystallized and separated from the liquid; (3) the
REE content as a whole is variable and can be low
(XREE = 40-303 ppm; by comparison metalumi-

nous granites have YREE = 92-314 ppm), while
HREE are always low (XDy—Lu= 3.9-11.9 ppm)
compared to metaluminous granites (14.7—35.6 ppm).
This suggests that accessory REE-rich phases (par-
ticularly HREE-rich) could have accompanied the
Na—pyroxene fractionation; (4) The accessory miner-
asrich rock (sample 538.1) occurring in the Tin
Zebane dyke swarm has very high concentrations of
incompatible elements (22960 ppm Zr, 1197 ppm
Dy, 47 ppm Ta, etc.; Table 2). Thisindicates that the
emplacement of the magma in the dyke system
allows the late separation of such phases, which can
in turn drive the liquid composition; (5) Except the
late greenschist mineral assemblage, no traces of
post-magmatic phases are seen.

However, the depletion observed for several trace
elements (i.e., Zr, Hf, Th, Ho, Er) in the Tin Zebane
peralkaline series requires further examination: in-
deed, fractionation of the accessory minerals found
in sample 538.1 cannot explain the whole peralkaline
spidergram pattern: sample 538.2 that is in close
contact with segregation 538.1. is characterized by a
depletion in Zr—Hf (Fig. 7A) due to the high propor-
tion of zircon in the nearby segregation but lacks
negative Ba, Nb, Ta, Ho, Er anomalies characteristic
of the peralkaline series. Indeed, 538.1 segregation
does not possess the required Nb—Ta and Ho—Er
positive anomalies. However, the occurrence of this
accessory mineralsrich late cumulate is a major
argument in favour of cumulative phenomena during
emplacement, either through a filter-press at depth or
through dynamic concentrations in the swarm itself
due to magmatic flow turbulence within the dyke
conduit. In that respect, sample 538.1 could be de-
scribed as a ‘magmatic placer’. The strong Nb-Ta
negative anomaly of the peralkaline series suggests
the fractionation of additional accessory phases rich
in these elements like minerals of the fergusonite—
formanite series (REEY ThU(Nb,Ta)O,): this mineral
will obviously deplete the residua liquid in Nb—Ta
but also in intermediate HREE as it is strongly
enriched in these elements (Fig. 9B; Bea, 1996).
Nb—Ta ore minerals associated with late granites are

Fig. 7. Spidergrams normalised to MORB (Pearce et a., 1981) for the metaluminous granites (A), the ‘ metasomatic’ group (B) and the
perakaline granites (C). Note the Nb—Ta negative anomaly, the positive slope of Y-Yb and the low abundance of Sr in the peralkaline
granites. The ‘metasomatic’ group is not very different from the metaluminous granites.
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and in particular the fergusonite have probably played an important role in the late differentiation of the peralkaline series.

well known in Hoggar and fergusonite has been
reported in the alkaline facies of the late Pan-African
‘Taourirt’ plutons in Hoggar (Azzouni-Sekkal and
Bonin, 1998) and in akaline complexes in Air
(Moreau et a., 1991).

So, after an early phase of plagioclase accumula-
tion (the ‘ plagioclase effect’) which could generate
anorthosite (as in Alir ring-complexes of N. Niger;
Black, 1965; Demaiffe et al., 1991a,b) and lead to an
Al depletion, later cumulates containing plagioclase,
K-feldspar, aegirine, trace element-rich accessory
minerals in variable proportions could lead from a
‘normal’ alkaline composition to the pattern of the
Tin Zebane peralkaline series (Fig. 9A,B). In particu-
lar, fractionation of fergusonite—formanite and of
Zr-rich minerals (zircon, Zr-silicates) seems neces-
sary to explain the Zr—Hf, Nb—Ta and intermediate
HREE depletion of the peralkaline granites. The
proportion of these minerals in the late cumulate can
vary quite largely as shown by samples 536, 540.2
and 545 (Fig. 7C; Fig. 8A), which can be explained
by a mechanical flow turbulence-induced separation.
This phenomenon can be particularly efficient in

perakaline silicic magmas which can be extremely
fluid if containing a few percent of F and H,O
(Dingwell et al., 1998). These volatiles moreover
favours more efficient crystallization—fractionation
in peralkaline granitic melts (Baker and Vaillancourt,
1995).

The late-stage fractionation of peculiar accessory
mineralsis thus responsible of depletion of the peral-
kaline granites in trace elements like Nb-Ta and
HREE. This depletion is also characteristic of sub-
duction related-magmas. That is why the Tin Zebane
peralkaline series lies in the ‘wrong field’ in geo-
chemical diagrams discriminating tectonic setting us-
ing these elements (Fig. 10A). In other diagrams,
only the maor elements are discriminant for the
perakaline series (Fig. 10B) while the metaluminous
seriesis often in an ambiguous position (Fig. 10A,B).
In the Lay /Yby vs. Yb diagram (Fig. 10C; Martin,
1987), the juvenile Tin Zebane Pan-African peralka
line series follows an Archaean trend, again a result
of the late agpaitic differentiation, while the metalu-
minous and metasomatic groups are more conven-
tional (modern style). These types of diagrams can
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bring useful information, but only if the domains are 6. General discussion and conclusions
regarded as representing classical rock-types and not
as absolute tectonic setting references. The Tin Zebane dyke swarm was emplaced at

592.2 + 5.8 Ma (Rb-Sr 19WR isochron) along a
shear zone separating a cratonic Archaean terrane
10 and a highly rejuvenated terrane. Depleted mantle
model ages (T, ) are only dightly older than the
emplacement age, varying from 646 + 37 to 815 + 43
Ma following the parameters used; these data are in
agreement with Sr and Nd initid ratios (Sr,=
Ocean Ridge 0.70281 4+ 0.00001; &yy = +6.4+0.6 a 592 Ma)
Granites that plot in the depleted mantle quadrant for all types
of rocks, mafic and felsic, peralkaline and metalumi-
Voleanic A quartz monzonite nous. Both Nd and Sr initial ratios are in the range of
Granites O metaluminous granites the prevalent mantle source (PREMA; Zindler and
© metasomatic group Hart, 1986), calculated back to 592 Ma, pointing to a
i ® peralkaline granites depleted OIB-type mantle source. Although PREMA
Yb ppm is probably not a physically distinct reservoir, the
priTmeTe ‘ observed isotopic characteristics favour the impor-
1000 ¢ tant role of an asthenospheric source (Zindler and
- (Na,0+K,0)Ca0 (B) Hart, 1986; Black and Liégeois, 1993). This isotopic
signature can be related to a rapid upwelling of the
L asthenosphere under the lithospheric fault following
S O a linear and local delamination of the lithosphere.
° o o This rapid upwelling could induce a partial melting
) Atype of the asthenosphere by pressure release accompa
granites nied possibly by a partial melting of the hotter
Fractionated 0O | O lithosphere, i.e., the lowest and youngest lithosphere,
granites ol o which can be enriched in OIB-type components
(Black and Liégeois, 1993).
Orogenic Crustal contamination, even a slight one, is con-
S/l granites sidered to be unlikely, as the country-rocks are either
. | ZreCenynb the Archaean In Ouzzal terrane with highly radio-
10 100 1000 10000 genic signatures at 600 Ma (Peucat et al., 1996) or
30 Palaeoproterozoic terrigeneous metasediments.
C Moreover, the ‘metasomatic’ group of rocks identi-
() fied in the Tin Zebane swarm, which shows evidence
of interaction with fluids (enrichment in K, loss of
Na) has kept the same Nd and Sr initial ratios. This
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indicates that the dyke swarm behaved as a closed
system even for late-magmatic fluids.

The availability of the PREMA source to generate
the Tin Zebane parental magma could be linked to a
rapid thinning of the lithospheric mantle under the
shear zone by delamination (Black and Liégeois,
1993), dlowing the asthenosphere to rise and to
melt. This phenomenon had to be of rather small
volume and short time to preclude any melting of the
continental crust: moreover, tectonic movements had
to alow a rapid ascent of the magma. These two
factors could be related to the cratonic character
(=thick lithospheric mantle; Black and Liégeois,
1993) of the In Ouzzal terrane, whose stiffness can
create room for uprising mantle magma aong its
contact with the less rigid Tassendjanet terrane, but
whose cold crust will hardly melt. Post-collisional
movements along shear zones were then essential for
the generation and ascent of the Tin Zebane dyke
swarm.

The bimodal character of the Tin Zebane dyke
swarm (gabbroic cumulates and granitic melts) could
be matched by an intermediate composition of the
parental mantle, as suggested by Lameyre and Bonin
(1978). The problem of the localisation of important
amounts of mafic—ultramafic rocks necessary to pro-
duce the Tin Zebane granites can be easily met if a
detachment of the lithospheric mantle occurred under
the shear zone.

As the two felsic series, peralkaline and metalu-
minous, have the same Sr and Nd isotopic composi-
tions, which are moreover similar to those of the
mafic rocks, the whole dyke swarm appears to be
derived from the same mantle source. The question
of how and when the divergence between the two
felsic series started cannot definitely be answered
with available data. Trace element composition pre-
cludes however the derivation of one granitic series
from the other, so that the divergence had started
before the granitic stage and even earlier, if the
guartz monzonite, which seems to belong to the
metaluminous series, is taken into account. More
data on mafic rocks would be necessary to constraint
more precisely their origin and link with the granites.

The peralkaline series shows evidence for a larger
plagioclase effect than the metaluminous series: this
is marked by lower Ca, Sr and Al contents. The late
differentiation of the peralkaline series provoked the

development of peculiar features in the trace element
distribution such as a negative Nb—Ta anomaly and
low HREE (particularly Er and Ho) abundance. Lo-
cal accumulation of accessory phases such as zircon,
dlanite, titanite and probably fergusonite accompa
nied by aegirine can account for this signature. Ma-
jor elements have been only dlightly affected by this
|ate fractionation process, the most prominent feature
being the decrease of the agpaitic index with increas-
ing SIO,. This late cumulate probably segregated
from the melt due to fluid turbulence within the dyke
system and could be described as a ‘magmatic
placer’. It is notable that some of the geochemical
features of the peralkaline series acquired during this
late agpaitic differentiation mimic a subduction-re-
lated signature.
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