Alkaline magmatism subsequent to collision in the Pan-African belt

of the Adrar des Iforas (Mali)

J. P. Liégeois and R. Black

SUMMARY: The Pan-African Trans-Saharan belt in the Iforas displays a rapid switch
from subduction and collision-related calc-alkaline to typical A-type magmatism, which is
accompanied by transcurrent movements along major shear zones inducing weak distension.
Detailed Rb-Sr geochronology and geochemical data point to different mantle sources for
orogenic (lithospheric depleted mantle 4 oceanic crust) and within-plate magmatism (more
primitive asthenospheric mantle). Both groups suffer lower-crustal contamination. A model
is proposed whereby asthenospheric mantle originally underlying the subducted plate has
risen to shallow depth beneath the continental lithosphere after the rupture of the cold
plunging plate. This source, which is often proposed for alkaline rocks, explains the great
similarity of oversaturated alkaline ring-complexes whatever their environment. The
peculiarities of the alkaline province, for example the lack of Sn mineralization when
compared with the Niger-Nigerian province, may be related to the nature and composition

of the basement,

Introduction

The Cambrian saturated alkaline ring complexes
of the Iforas (Ba er al. 1985) mark the end of the
Pan-African, characterized here by oceanic clo-
sure around 600 Ma ago and oblique collision
between the passive margin of the W African
craton and the active margin of the Tuareg shield
(Black et al. 1979; Caby et al. 1981 Fabre et al.
1982; Ball & Caby 1984). This post-tectonic
setting contrasts with that of the anorogenic
within-plate Niger-Nigeria province where there
is a considerable lapse of time (several hundred
million years) between the age of the country
rocks and that of the alkaline intrusions (Black et
al. 1985).

The aim of this paper is to outline very briefly
the main structural and petrological characteris-
tics of the Iforas alkaline province, to trace
chronologically and geochemically the transition
from calc-alkaline to alkaline magmatism and
finally to propose a geodynamic model which
may also fit other collisional terrains displaying
similar magmatic sequences, e.g. Pan-African of
Saudi Arabia (Duyvermann et al. 1982; Harris
1982), Permian of Corsica (Bonin 1980), Tertiary
volcanism of the Turkish-Soviet Armenia-W
Iranian Alpine segment (Innocenti ef al. 1982)
and the Basin and Range province (Eaton 1982).

General geology

Whereas the 2000 Ma old W African craton is
simply covered by Upper Proterozoic and Pha-
nerozoic flat-lying sediments, the adjacent Tuareg
shield emerging from beneath Ordovician strata
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has a complex geological history with diversified
and abundant igneous activity between 850 and
530 Ma ago. These features are best explained by
a complete Wilson cycle in Pan-African times.
After rifting around an RRR triple junction in
the Gourma area (Moussine-Pouchkine & Ber-
trand-Sarfati 1978) followed by oceanicspreading
to the E of the W African craton, a long period
of subduction (720-620 Ma) is recorded in the
Iforas along the SW margin of the Tuareg shield
(Ducrot et al. 1979; Caby et al., 1986. The
subduction-related magmatism over an easterly-
dipping Benioff plane appears in two environ-
ments: an oceanic trench island arc to the W of
the Iforas (Caby 1970, 1981) and a cordilleran
assemblage with andesites in the Iforas (Chik-
haoui 1981). Oceanic closure and collision oc-
curred 620-590 Ma ago, the suture between the
W African craton and the Tuareg shield being
marked by an array of strong positive gravity
anomalies (Bayer & Lesquer 1978). Collision was
not frontal as in the Himalaya but oblique (Ball
& Caby 1984), inducing N-S mega-shear zones
which sliced the Iforas and absorbed part of the
collision. Nappes, comprising elements of the
passive continental margin, oceanic basalts,
possible ophiolites and an inner unit of eclogitic
mica schists, were translated westward onto the
W African craton (Caby 1980). This craton
behaved as a relatively rigid mass devoid of
autochtonous Pan-African magmatism, in con-
trast with the active margin of the Tuareg shield
which was strongly mobilized and invaded by -
abundant granitoids which form a huge compos-
ite late-tectonic calc-alkaline batholith 100-"
150 km to the E of the suture. The calc-alkaline
manifestations continued in post-tectonic condi-
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FI1G 1. Structural map of the Iforas—Ahnet area (1-5, passive margin of the W African craton; 6-12; active
margin of the Iforas): |, Eburnean unreactivated basement; 2, autochthonous passive margin (Gourma
aulacogen); 3, Timetrine-Gourma nappes; 4, Permian Tessofi graben; 5, Permian Tadhak undersaturated ring-
complexes province; 6, Eburnean granulites (Archaean substratum?}; 7, reactivated basement; 8, island arc; 9,
cordilleran volcano-sedimentary unit; 10, composite calc-alkaline batholith; 11, oversaturated alkaline ring-
complexes and lavas; 12, Cambrian molasse, 13, transcurrent faults; 14, thrusts; 15, suture zone as indicated by a
string of positive gravity anomalies; F2, area of Fig. 2. (After Fabre er al. 1982.)

tions with WNW-ESE dyke-swarms and high-
level circular plutons which indicate uplift of the
continent subsequent to collision. This uplift led
to unroofing the batholith just after the emplace-
ment of the first granite displaying some alkaline
affinities (Tahrmert). Renewed intermittent
movements along the N-S shear zones and a
change in the stress field was accompanied by the
injection of spectacular N-8 dyke-swarms in the
axis of the batholith, feeding extensive plateaux
of rhyolites and ignimbrites beneath which were
emplaced the alkaline ring-complexes.

The Iforas alkaline province

The Cambrian alkaline province is superimposed
on the Pan-African composite calc-alkaline bath-
olith of Western Iforas. It comprises remnants of
an extrusive cover of rhyolites and ignimbrites of
fissural origin (Tiralrar, Ichoualen plateaux),
dense N-S-oriented acid dyke-swarms and over
15 plutons displaying a variety of intrusion forms
including huge ring-complexes, crescentic
sheeted intrusions and sub-circular stocks. Con-
tacts with the country rocks and between succes-
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F1G. 2. Schematic map of the studied Kidal-Tiralrar
area: |, island arc: 2, reactivated basement; 3,
volcano-sedimentary sequences; 4, pre-tectonic
tonalite; 53, late-tectonic granodiorite; 6, late-tectonic
porphyritic monzogranite; 7, late-tectonic fine-grained
monzogranite: 8, post-tectonic E-W dyke-swarms; 9,
post-tectonic syenogranite; 10, post-tectonic alkaline
granite pluton; 11, extrusive alkaline rhyolites and
ignimbrites: 12, syenitic ring-dykes; 13, alkaline
oversaturated ring-complexes, For clarity, N-S dykes
have not been drawn. (See Fig, 3.)

sive phases are sharp and typically show a chilled
marginal facies with frequent development of
miarolitic cavities. All the complexes have been
emplaced at shallow depth in a rigid environment
beneath a thick volcanic cover by a process of
subterranean cauldron subsidence and major
stoping. They are composed of typical A-type
quartz syenites and granites (Loiselle & Wones
1979) embracing metaluminous, peralkaline and
peraluminous compositions. The province is
exclusively oversaturated and quite distinct from
the much younger Permian Tadhak province of
undersaturated alkaline rocks and carbonatites
located on the eastern margin of the W African
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craton (Fig. 1) (Liégeois et al. 1983, Sauvage &
Savard 1985).

A general description of the Iforas alkaline
province has recently been published (Ba er al.
1985). Only a brief description of the units studied
in this paper (Fig. 2) is given here, followed by a
summary of the main geochemical and petrolog-
ical features of the province.

The plateau lavas occurring as thick flows of
devitrified and often altered rhyolites and ignim-
brites have not been studied in detail. Inside the
Ichoualen ring structure they are seen to overlie
the eroded Tahrmert granite, a large irregular-
shaped massif characterized by pronounced
horizontal jointing which invades the Telabit and
Dohendal WNW-ESE dyke-swarms to the N
and W of the Timedjelalen ring-complex (Fig. 3).
This coarse-grained hypersolvus granite already
displays distinct alkaline affinities and, with its
clustered rounded quartzes, perthites and abun-
dant accessory minerals (zircon, Fe-Ti oxides,
sphene and fluorite), it closely resembles some of
the metaluminous biotite granites of the alkaline
ring-complexes. The mafic minerals (brown phlo-
gopitic biotite and occasional pale-bluerichterite)
are magnesian, however, and suggest that this
alkaline precursor has a mixed source (Ba er al.
1985).

The N-S dykes are mainly composed of
devitrified and often altered rhyolites, felsites
and quartz—feldspar porphyries (believed to be
feeders to the plateau rhyolites), quartz micro-
syenites often containing basic xenoliths, por-
phyry granites and granophyres. Both meta-
luminous and peralkaline varieties are present.
Basic dykes are rare and have only been en-
countered to the N of Tiralrar.

Among the ring-complexes, the Kidal massif
(Figs 3 and 4) with a diameter of 30 km is the
largest and most intricate. It has been segmented
and offset by a NN'W sinistral transcurrent fault.
The early arcuate ramified and polygonal ring-
dykes of quartz syenite (K 1) are partly obliterated
by the plutonic centre which comprises 13 granitic
phases whose order of intrusions is indicated in
the legend of Fig. 4. A coarse hypersolvus granite
(K 3), displaying both metaluminous and peral-
kaline facies with related granite porphyries (K2~
K 3'), occurs as a flat tabular sheet covering two-
thirds of the area and constitutes the upper
structural level of the complex. It is thought to
have intruded permissively a long and sub-
horizontal tensional roof fracture fed by a
peripheral ring-dvke. Granite porphyry (K4)
marks the fragmentation of the underlying block
and the start of an aluminous cycle with the
emplacement of metaluminous hypersolvus gran-
ite (K5-K5) followed by subsolvus granite (K6-
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F1G. 3. Geological map of the Iforas alkaline province (Ba et al. 1985).

K8) and the late granite porphyry (K9) which
defines several centres of subsidence. Magmatic
activity is then confined to central and eastern
parts of the complex with the intrusion beneath
K3 and K7 of a peralkaline medium-grained
granite (K10) which in turn is underlain by a

metaluminous coarse-grained hypersolvus gran-
ite (K11) and by albitized peralkaline granite
(K 12) mineralized in Th minerals. The general
shape of the massif has been confirmed by a
gravity study (Ly er al. 1984) which indicates that
the alkaline granites in the western part of the
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F1G. 4. Geological map of the Kidal-Tibeljelejeline, Djounhane and Akkise ring-complexes: K1, syenite

porphyry and quartz syenite (Fe-augite, amphibole, biotite, + fayalite); K2, amphibole-biotite granite porphyry:
K 3, metaluminous coarse-grained granite (perthite, hedenbergite, amphibole, biotite, 4 fayalite) to peralkaline
(perthite, aegirine-augite, Ca-Na- and Na-amphiboles, +aenigmatite); K3', peralkaline granite porphyry: K4,

metaluminous granite porphyry (K-feldspar, hedenbergite, amphibole, biotite and two feldspars, amphibole,
biotite); K35, fine-grained granite (perthite, biotite, chlorite, + amphibole); K5, medium-grained granite
(perthite, amphibole, biotite, + fayalite); K6, fine-grained granite (perthite, oligoclase, amphibole, biotite): K7,
fine- to coarse-grained granite (perthite, oligoclase, amphibole, biotite); K8, fine-grained granite (perthite,
oligoclase, biotite, chlorite); K9, granite porphyry (perthite, oligoclase, biotite, chlorite): K10, metaluminous
medium-grained granite (hedenbergite, aegirine—augite, Fe-richterite, arvfedsonite, biotite) to peralkaline
(aegirine, arvfedsonite, astrophyllite); K11, coarse-grained granite (perthite, amphibole, biotite); K12, fine-
grained granite (microcline, albite, aegirine, Ca-Na- amphibole and microcline, albite, arfvedsonite); Al =K2;
A2=KS8; A3, granite porphyry (perthite, oligoclase, amphibole, biotite); D1=K3: D2=K7; D3=K8. (Baer al.

1985).

complex are thin compared with those in the E
which have been estimated to have a thickness
of 5 km.

In contrast, the Timedjelalen ring-complex
(Figs 3 and 5), with six concentrically disposed
units younging towards the centre, is relatively
simple despite its large size (32 km x 22 km). The
sequence (see legend to Fig. 5) starts with mildly-
peralkaline quartz-poor granite porphyry (T1)
and medium-grained hypersolvus granite (T2)

which form the steeply-dipping external ring-
dyke injected in a multiple-fracture zone. Foun-
dering of a central block permitted the emplace-
ment of a peralkaline coarse-grained hypersolvus
granite (T3) to form a tabular sheet corresponding
to the upper level of the complex. Renewed
subsidence marks a change in the chemistry with
the intrusion beneath T3 of a metaluminous
hypersolvus granite (T4) followed by a subsolvus
granite (T5) displaying low outward-dipping
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F16. 5. Geological map of the Timedjelalen ring-complex: T1, granite porphyry; T2, medium-grained granite
(perthite, aegirine-augite, Ca-Na- amphibole, biotite): T3, coarse-grained granite (perthite, aegirine-augite, Ca-
Na- and Na-amphiboles): T4, heterogranular granite (perthite, oligoclase, amphibole, biotite): TS, fine-grained

granite (perthite, oligoclase, biotite): T6, fine- to medium

1985.)

contacts. Lastly, a peralkaline medium-grained
hypersolvus granite (T6) occurs, piercing TS as a
shallow dome.

Despite the mineralogical diversity, the com-
positional range of the Iforas alkaline province is
very narrow. All the rocks are rich in silica with
values of 6479 -68% for the quartz syenites and
7295-79%, for the granites, CaO and MgO are
always low, and are reflected by sodic plagioclase
(maximum An,.) and by mafic minerals with
high FeO/(FeO+ MgO): fayalite, pyroxenes (Fe-
augite, hedenbergite and aegirine), amphiboles
(Fe-hornblende, Fe-richterite and arfvedsonite)
and Fe-biotite. K,O (4.2%-5.6%) and Na,O

-grained granite (aegirine, arfvedsonite). (Ba e al.

(3.4%-4.1%)are not particularly high for granites.
In molecular proportion, Na,O is generally
slightly in excess of K,0. The rocks are mainly
peralkaline or metaluminous with rare peralumi-
nous varieties containing less than 1% of norma-
tive corundum. Fluorine is always abundant but,
characteristically, boron is very low and tourma-
line is absent. Contents of Th, Zr, Y, Rb and the
rare-earth elements (REE) are high, particularly
in the peralkaline facies. '
Petrologically, the most striking features of the
quartz syenites and granites is the abundance of
perthites displaying a wide range of textures and
the rich assemblage of ferromagnesian minerals
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often displaying beautiful reactions and mantling
relationships. Ba er al/. (1985) have shown the
presence of two distinct trends.

| A sodic peralkaline trend extends as an
evolving fractionation sequence from a metalu-
minous quartz syenite, characterized by a mias-
kitic sequence in which the mafic minerals
(fayalite, Fe-augite, Ca-amphibole and biotite)
crystallize earlier than the K-feldspar and quartz,
to peralkaline granite where the Ca-Na- and Na-
amphiboles and aegirine are late and mould the
feldspars. Relict fayalite is only present in the
less-differentiated metaluminous syenite and
granite; it is frequently altered and mantled by
Ca-amphibole. Clinopyroxenes are nearly always
present and form an apparently continuous suite:
Fe-augite-hedenbergite-Na-hedenbergite-aegi-
rine. Within a single intrusion, Ca- and Ca-Na-
pyroxenes are early and separated from late Na-
pyroxenes by the crystallization of amphiboles.
Amphiboles show a very wide range in composi-
tion. The green Ca-amphiboles have composi-
tions between hornblende, edenite and barroisite
and mantle the fayalite and Ca-pyroxene. The
blue-green amphiboles mantling the Ca-amphi-
boles in some of the metaluminous granite and
occurring as the main amphiboles in the peral-
kaline granite range from between barroisite and
richterite to arfvedsonite and may be rimmed by
riebeckite. Micas are not frequent and are
represented by Mg-biotite in the syenites, biotite-
annite in the metaluminous granites and lepido-
melane in the peralkaline granites. Other typical
peralkaline minerals present in the province are
aenigmatite and astrophyllite. The accessory
minerals include coarse zircon, zoned allanite,
Fe-Ti oxides, apatite, fluorite, stilpnomelane and
tchevkinite. Sphene is rare in the Kidal complex
but is abundant in the Timedjelalen. The albite-
microcline-arvfedsonite granite present in the
Kidal complex (K12) has undergone strong
albitization by sub-solidus alteration of the pre-
existing magmatic feldspars and is similar to
those described in Nigeria (Jacobson et al. 1958).
2 A potassic-aluminous trend is represented by
granite porphyries, hypersolvus amphibole-bio-
tite granite, subsolvus amphibole-biotite and
biotite-chlorite granite. Anhydrous early-formed
mafic minerals (fayalite, clinopyroxene) are rare
and the ferromagnesian reaction series is much
more limited. The calcic amphiboles belong to
the hastingsite-actinolite series and are generally
euhedral. They are mantled by biotite (annite-
lepidomelane) which contains inclusions of zir-
con, allanite, apatite, Fe-Ti oxides and sphene.
Late alteration plays an increasing role on passing
from the hypersolvus granite to the subsolvus
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FiG. 6. Na-K~Al (atomic) diagram for the Kidal
massif: ¢, syenites; M, peralkaline hypersolvus
granites; @ peralkaline albitized granites;

A. metaluminous granites. (Ba et al. 1985.)

granite with the appearance of fluorite-albite-
chlorite—epidote + muscovite.

The trends appear clearly on the Na-K-Al
diagram (Fig. 6). The evolution from metalumi-
nous quartz syenite to peralkaline granite, passing
through transitional facies with fayalite, heden-
bergite and Ca—Na-amphiboles, occurs with an
increasing (Na+ K)/Al ratio and a constant K/
Na ratio; after moving into the peralkaline field
the K/Na ratio decreases. This path can be
explained by a plagioclase effect accompanied by
fractionation of early mafic minerals (fayalite,
Ca-pyroxene and amphiboles), which is followed
by intense fractionation of K-feldspar (orthoclase
effect) as it crosses into the peralkaline field and
descends the thermal valley (Bailey & Macdonald
1969). This stage may be followed by deuteric
recrystallization in the presence of hydrothermal
F-bearing fluids giving rise to a sub-trend char-
acterized by a high (K + Na)/Al ratio and a fall
in the K/Na ratio corresponding to the albitiza-
tion of the K-feldspars which produced the
albite-microcline-arfvedsonite granite. The alu-
minous trend from granite porphyries to sub-
solvus biotite—chlorite granite is marked by
decrease of (Na+K) and Na/K ratios. This
reflects the appearance of biotite and of perthites
with K greater than Na. A possible explanation
may be the fractionation of basic oligoclase, Fe-
hornblende and clinopyroxene if the dark inclu-
sions sometimes encountered are cumulates.

The independence af the two trends is sug-
gested by the Sr and Ba concentrations. The
metaluminous granite porphyries have more Sr
(100 ppm) and less Ba (500-800 ppm) than the
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syenites (50 ppm Sr, 1000 ppm Ba). This suggests
a divergent evolution before the syenite stage,
with the common source perhaps being of
monzonitic composition. These trends are very
similar to those described by various workers in
Nigeria, Niger, Corsica, Sudan and New Hamp-
shire, and also occur in mixed oversaturated and
undersaturated provinces which may be in con-
tinental (Gardar, Quebec, Oslo) or oceanic
(Kerguelen)areas. These were first reviewed over
40 years ago by Barth (1944).

To conclude, the Iforas alkaline province
displays all the main petrological and geochemi-
cal characteristics of typical anorogenic over-
saturated alkaline provinces. When compared
with the Nigerian province (Jacobson et al. 1958
Bowden & Turner 1974) and the Niger province
(Black 1963; Black et al. 1967), the main
differences can be summarized as follows.

I The volcanism is fissural and the ring-
complexes do not appear to have acted as central
volcanoes.

2 Basicrocks(gabbros, anorthosites)are absent.
It should be noted, however, that gravity data
suggests that dense rocks may be present at depth
(Ly et al. 1984) and some microgabbros have
been observed as dykes.

3 Economic mineralization is absent. Among
the metaluminous granites, subsolvus varieties
are abundant whereas the hypersolvus facies
predominate in Niger-Nigeria where the albi-
tized granites are associated with Sn-bearing
greisens and contain columbite.

The Pan-African orogenic context

The Iforas alkaline ring-complexes and associ-
ated dyke-swarms lie within the Pan-African belt
100150 km to the E of the suture between the
two palaeo-continents, the W African craton and
the Tuareg shield. They are aligned N-S along
the axis of the composite calc-alkaline batholith
of western Iforas, which is a major structural unit
bound by N-S mega-shears (Fig. 1). Clearly, an
understanding of the alkaline rocks and of the
rapid switch from calc-alkaline to alkaline mag-
matism must take into account Pan-African
orogenic evolution,

Detailed mapping of the segment of the
batholith between the Kidal ring-complex (lati-
tude 18°00°) and the Tiralrar plateau (latitude
19°30°) (see Figs 2 and 3) has established the
relative chronology of magmatic events in this
area, The granitoids fall into four groups: (1) low-
K calc-alkaline pre-tectonic; (2) high-K calc-
alkaline late-tectonic; (3) high-K calc-alkaline
post-tectonic; (4) alkaline post-tectonic,

J. P. Liégeois and R. Black

All groups cut the tillite-bearing Tafeliant
volcano-sedimentary group whose age can be
bracketed between 693+7 Ma (U-Pb age from
the granodiorite beneath the base of the Tafeliant
group (Caby & Andreopoulos-Renaud 1985)) and
615+5Ma (U-Pb on zircon from the cross-
cutting Adma granodiorite (Ducrot e al. 1979)).

Detailed petrographic descriptions of the dif-
ferent massifs have recently been published
(Liégeois & Black 1984), and they can be
summarized as follows.

(1) The pre-tectonic group is represented by the
Erecher tonalite composed essentially of zoned
andesine, quartz, green biotite and hornblende,
and accessory microcline, sphene, Fe-Ti oxides
and zircons. The massif has been mylonitized to
variable degrees, locally producing a pronounced
foliation and partial recrystallization in high
greenschist facies. Some granite plutons (Yenchi-
chi 1 type) may also belong to the pre-tectonic
group.

(2) The late-tectonic group is by far the more
important in volume and is composed of three
major rock types.

(a) Thegranodiorites, the Adma pluton being
typical, display two crystallization steps: the
first (quartz, andesine, microcline, green bio-
tite, hornblende, +clinopyroxene, + orthopy-
roxene) is locally affected by the E-W
compression producing N-S foliation, whereas
the second (amphibole, biotite, quartz—feld-
spar symplektites) is not affected and is post-
tectonic.

(b) The porphyritic monzogranites are com-
posed of slightly perthitic microcline pheno-
crysts, quartz, oligoclase, green biotite and
amphibole, abundant accessory sphene and
apatite, Fe-Ti oxides, zircon and secondary
chlorite and epidote. They also often display
a planar fabric with strong gradients of de-
formation developed in proximity to shear
zones, .

(c) The fine-grained monzogranites are com-
posed of millimetre-sized quartz, oligoclase,
slightly perthitic microcline, chloritized biotite
and accessory sphene, Fe-Ti oxides, allanite,
apatite and zircons, and present only a weak
planar fabric. Intrusion has followed the
porphyritic monzogranite closely, with contact
zones often being hybrid and characterized by
the presence of large K-feldspar xenocrysts.

(3) The post-tectonic calc-alkaline group is
represented by dense WNW-ESE dyke-swarms
(Yenchichi and Telabit) and circular sharp-
cutting syenogranite plutons. The dykes comprise
intermediate to acid rocks (55%-77%, SiO,) and
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some of them have alkaline affinities (Dohendal
dyke-swarm). The plutons are undeformed, ho-
mogeneous in composition and more acid than
the preceding groups (Yenchichi 2 pluton).

(4) The late post-tectonic alkaline group in-
cludes the Tahrmert granite, spectacular N-S
dyke-swarms (quartz syenite porphyries, grano-
phyres, quartz-feldspar porphyries and rhyol-
ites), extrusive rhyolites and ignimbrites
(Tiralrar), and high-level ring-complexes (Kidal,
Timedjelalen) composed of quartz microsyenites
and metaluminous and peralkaline granites.

Ages, isotopic and main geochemical
characteristics of the calc-alkaline—
alkaline transition

The Rb-Sr system gives for the pre-tectonic
family a rehomogenization age which corre-
sponds to the collision event (602+13 Ma,
0.70590 4+ 0.0008, 9 whole-rock samples (WR),
MSWD = 1.0) (Fig. 7).

The two Rb-Sr isochrons on the Adma grano-
diorite and on the Aoukenek fine-grained mon-
zogranite (late-tectonic family) give similar ages
around 595 Ma with relatively low initial ratios
(Adma: 595+ 24 Ma, 0.70482+0.00026, 9 WR,
MSWD=0.7; Aoukenek: 591 + 18 Ma, 0.7035+
0.0005, MSWD =10.9) (Fig. 7). As a U-Pb zircon
age of 615+ 5Ma has been obtained for the
Adma pluton (Ducrot et al. 1979), the slightly
younger Rb-Sr ages are believed to date final
consolidation marked by the second stage of
crystallization and to correspond to the end of
the collision. The porphyritic monzogranite only
yields an errorchron, probably owing to the wide
scatter of sampling. As its age, on the field
evidence can be assumed to be almost contem-
poraneous with the fine-grained monzogranite,
its initial ratio can be bracketed between 0.7042
and 0.7053.

Three dyke-swarms (Yenchichi, Dohendal and
Telabit) and one granite pluton (Yenchichi 2)
of the post-tectonic calc-alkaline family have
been dated using the Rb—Sr method. This group
seems to show an age trend from S (Yenchichi
swarm: 565+ 14 Ma, 0.7048+0.0005, 7 WR,
MSWD=4.6; Yenchichi 2 pluton: 577+ 14 Ma,
0.70384+0.0010,7 WR, MSWD =1.6) to N (Doh-
endal swarm: 558+ 10 Ma, 0.7051140.00012, 7
WR,MSWD=0.7; Telabitswarm:544 + 12 Ma,
0.7050540.00010, 13 WR, MSWD=4.6) (Fig.
7). All the representatives of this group also have
low initial #'Sr/®¢ Sr ratios with values between
0.7038 and 0.7051. '
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Representatives of the alkaline group, on field
evidence, are all younger than the calc-alkaline
intrusions. The truncation by the Timedjelalen
ring-complex of the transcurrent fault cutting the
Takellout and Kidal complexes indicates S-N
migration (Figs 2 and 3). The geochronological
data confirm the post-tectonic age trend from S
to N: S8, Kidal ring-complex (56147 Ma,
0.7061 +0.0007, 25 WR MSWD=2.1); N, Tahr-
mert pluton (54247 Ma, 0.7061 +0.0004,
12 WR, MSWD=3.6), N-S dykes (54349 Ma,
0.7050 +0.0003, 14 WR, MSWD =2.0) and Ti-
medjelalen ring-complex (546+7 Ma, 0.7058 +
0.0003, 21 WR, MSWD=3.3) (Fig. 7). In the N
all the intrusions are contemporaneous, within
the +7 Ma limit of error, but the relative
chronology established by the field relationships
is as follows: 1, Tarhmert; 2, N-S dykes and
lavas; 3, Timedjelalen. All the alkaline units have
Sr initial ratios between 0.7050 and 0.7060.

The NW-SE sinistral transcurrent faulting has
been dated. Such a fault cutting the Yenchichi 2
pluton also affects a part of the earlier Yenchichi
| pluton. An isochron based on Yenchichi I
mylonites gives an age around 545 Ma and can
be interpreted as the rehomogenization of the
Rb-Sr system during the shearing process (544 +
16 Ma, 0.7063+0.0005, MSWD=1.6, 9 WR)
(Fig. 7).

A geochemical evolution, related to age and
tectonic setting, can be traced from the calc-
alkaline pre-tectonic group through the late-
tectonic and post-tectonic calc-alkaline groups to
the alkaline post-tectonic magmatism. This ap-
pears on the simple SiO, versus Na,O+K,0
diagram (Fig. 8(a)). Three trends are clearly
distinguished: low-K calc-alkaline represented
by the pre-tectonic granitoids, a high-K calc-
alkaline trend by late- and post-tectonic groups
and an alkaline trend for late post-tectonic
granites. The distinction between the three trends
also appears in other geochemical diagrams, for
example in the Rb versus K,O diagram (Fig.
8(b)). In this diagram, the alkaline group is
dispersed perpendicular to Shaw's main trend
(Shaw 1968) as in the case of the Rallier du Baty
ring-complex in the Kerguelen archipelago (La-
meyre et al. 1976; Vidal et al. 1979). However,
the pre- and late-tectonic calc-alkaline families
follow the main trend, although with some higher
K,O/Rb ratios. It is interesting to note that the
calc-alkaline post-tectonic group shows some
alkaline affinities. Several samples of the peral-
kaline phases of the Timedjelalen ring-complex
follow the now classical ‘pegmatitic-hydrother-
mal’ trend (Shaw 1968), probably in response to
post-magmatic auto-metamorphic fluids (Vidal
etal. 1979).
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F1G. 7. Rb-Sr isochrons: (a) rehomogenized pre-tectonic Erecher tonalite; (b) late-tectonic Adma granodiorite;
(c) late-tectonic Aoukenek monzogranite; (d) post-tectonic Yenchichi E-W dyke-swarm; (e) post-tectonic

Dohendal E-W dyke-swarm; (f) post-tectonic Telabit E-W dyke-swarm; (g) post-tectonic Yenchichi 2 circular
syenogranite; (h) post-tectonic Tahrmert alkaline granite; (i) post-tectonic alkaline N-8 dyke-swarm; (j) post- -

tectonic Timedjelalen ring-complex ; (k) post-tectonic Kidal ring-complex (some samples with very high Rb/Sr
ratios are outside the figure (see Liégeois & Black 1984); (1) pre-tectonic (?) Yenchichi | granite. Analysed

mylonitized samples indicate rehomogenization during late transcurrent faulting events. The calculations were
made following Williamson (1968) withA=1.42x 10" "' a~'. The errors are at the 2o level. (From Liégeois &

Black 1984.)
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In the alkaline ring-complexes the associated
subsolvus metaluminous granites are mineralog-
ically practically indistinguishable from the post-
tectonic acid members of the high-K calc-alkaline
group. They may be discriminated, however, in
the Si0, versus agpaitic index (AI) diagram (Fig.

9), the limit between the two groups correspond-
ing to an Al of 0.88. In a REE chondrite-
normalized diagram (Fig. 10) (Liégeois & Herto-
gen, unpublished data) the alkaline group includ-
ing the metaluminous granites displays a general
enrichment in REE, particularly in heavy REE,
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FIG. 8. (a) Si0; versus Na,0+K,O diagram showing the different trends of the Iforas magmatic groups from the
pre-tectonic low-K calc-alkaline (O} to alkaline ( x ) through late (@) and post-tectonic high-K calc-alkaline (A);
(b) Rb versus K,0 diagram (same symbols as in Fig 8(a)). The lines labelled MT enclose the ‘main trend’ and PH
represents the ‘pegmatitic-hydrothermal trend” of Shaw (1968).

with a pronounced Eu anomaly, whereas the
high-K calc-alkaline rocks, as shown by the late-
tectonic group, yield steep curves with low
contents of heavy REE. This distinction between
granitic rocks affiliated to the alkaline or calc-
alkaline group based on REE patterns has been
successfully used by Harris (1985) in a study of
mixed anorogenic complexes in Saudi Arabia.
The four groups plot distinctly on the Rb against
Yb+ Tadiscrimination diagram (Fig. 11) (Pearce
et al. 1985). Whilst the pre-tectonic group clearly
falls in the VAG field, the late-tectonic granitoids
lie astride the VAG and syn-COLG join; the
main alkaline representatives plot in the WPG

field and the earlier transitional E-W dykes and
Tahrmert granite lie to the left in an intermediate
position.

The geochemical data will be published in a
separate paper.

Interpretation and the petrogenetic
model

Three distinct trends, low-K calc-alkaline, high-
K calc-alkaline and alkaline, are easily distin-
guishable in the field and in the laboratory and
can be related tosuccessive palaco-environments,
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including metaluminous and peralkaline samples (six
samples). Data from Liégeois & Hertogen,
unpublished.)

All the groups have relatively low ®’Sr/**Srinitial
ratios (0.7035-0.7061) (Fig. 12), which preclude
any important participation of an old upper
continental crust even during the collision (also
shown for eastern Iforas by Bertrand & Davison
(1981)). The two remaining possible sources are
the lower crust and the upper mantle. The
granulites of the Iforas (Boullier et al. 1980) offer
the possibility of estimating the *'Sr/*® Sr ratio
of the lower crust. Preliminary results show a
minimum mean value 600 Ma ago of 0.7066 for
the ®7Sr/®°Sr ratio (Liégeois, unpublished data).
As this value is much higher than that of the
magmas produced, these granulites cannot rep-
resent the source (Fig. 12). If they are not
representative of the Iforas lower crust, the fact
that the generation of magmas with *Sr/*°Sr
ratios as low as 0.7035 (Aoukenek granite)
requires strong depletion of the source in litho-
phile elements, implying a highly refractory lower
crust, is incompatible with abundant magma
production. This non-crustal origin is confirmed
by the lack of crustal-derived inclusions in the
studied plutons.

In contrast, the island arc situated west of the
batholith and composed essentially by basic and
intermediate rocks reflects the composition of the
depleted mantle under the Iforas in Pan-African
times and provides homogeneous *’Sr/**Sr initial
ratios between 0.7025 and 0.7030 (Caby er al.,
1986). It would therefore appear that the Iforas
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calc-alkaline granitoids have been generated in
the mantle with crustal contamination during
their ascent. The generation of important
amounts of granitic rocks in the mantle has been
discussed for many years, the main problem
being the need to have at least an equal quantity
of basic rocks at depth. In this connection it must
not be forgotten that the great crustal thickness
in the Andean cordillera (up to 70 km (James
1971) is due not to compression but essentially to
vertical accretion from the underlying mantle
(Brown 1977). In Western Iforas E-W crustal
shortening across the volcano-sedimentary se-
quences related to the 600 Ma collision has been
estimated at only about 65% (Ball & Caby 1984)
and probably much less than in the granitoids
(Liégeois & Black 1984). It is likely that the
mountain building in the Iforas has been due, at
least in part, to vertical accretion under the
continent in both the subduction and the collision
epochs.

If we accept this origin for the Iforas granitoids
at mantle depth, several classical models for
andesite generation are available (Best 1975;
Fyfe & McBirney 1975; Thorpe et al. 1976). The
most plausible model is probably partial melting
in the upper mantle above the subduction zone
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with addition of H,O-rich fluids coming from the
dehydration of the down-going oceanic litho-
sphere, which would provide alkalis and favour
melting by lowering the solidus temperature
(Thorpe et al. 1976). This phenomenon can
introduce radiogenic Sr in the mantle because of
the alteration by seawater (Pan-African ®’Sr/*°Sr
around 0.708 ; extrapolation from Peterman et al.
(1970)) of the oceanic basalt crust (Hawkesworth
et al. 1979). However, in the Iforas the Sr isotopic
composition of uncontaminated mantle melts can
be approached in the island arc (0.7025-0.7030)
(Caby et al., 1986). The slightly higher values
which have been measured in the cordillera for
the calc-alkaline groups (0.7035-0.7051) must
then be attributed to crustal contamination (Fig.
12). This participation of the crust in the genesis
of the mantle Iforas granitoids can also explain
their relatively high silica contents.

In conclusion, we propose for the subduction-
and collision-related calc-alkaline rocks a com-
mon origin in the mantle with subducted oceanic
crust participation and some crustal contamina-
tion during the magma ascent (Fig. 13). A main
difference between the pre- and late-tectonic
magmas is their K,0 (and Rb) contents. This can
be explained by a greater depth for the mantle
mobilization during the collision (K-A relation)
(Dickinson & Hatherton 1967 ; Arculus & John-
son 1978 Dupuy et al. 1978). In fact the collision
between the Tuareg shield and the W African
craton in the Iforas has consisted of *docking’
rather than a Himalayan-type confrontation as
would appear to have been the case further S in
Benin (Burke & Dewey 1972; Trompette [980).
This would explain the weak crustal mobilization
and the total absence of S-type granites (in
contrast with the Himalayan leucogranites (Le
Fort 1981)) and weak syn-COLG affinity of the
late-tectonic granitoids in the Rb against Yb+
Ta diagram (Fig. 11).

The last calc-alkaline group is poorly repre-
sented and is clearly post-tectonic. Since its
geochemistry is very similar to that of the late-
tectonic group, it is taken as the last manifestation
of the source mobilized during the collision. As
some samples display alkaline affinities (Figs 8
and 9), a beginning of participationof the alkaline
source is likely, particularly in the N where the
two post-tectonic families are approximately
contemporaneous. The emplacement of this
group occurred during the rapid uplift of the belt
(Fig. 13). ;

The Iforas alkaline rocks follow the calc-
alkaline post-tectonic group without a signifieant
time break towards the end of the uplift. Indeed,
only the early alkaline Tahrmert pluton was
eroded during the unroofing of the batholith. This
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implies that the lava plateaux, fed by the N-§
dyke-swarms, represent relics of a thick volcanic
cover which extended over most of the Iforas and
under which the ring-complexes were intruded.
Volumetrically, the alkaline magmatism was very
important, as is confirmed by the rhyolitic and
ignimbritic composition of the molasse associated
with the belt (Fabre 1982). The onset of alkaline
magmatism was accompanied by reactivation of
N-S mega-shear zones related to a change in the
direction of major constraints shown by the
switch in strike in the dyke-swarms from WNW-
ESE (calc-alkaline) to N-S (alkaline). Move-
ments along sinistral NNW-SSE transcurrent
faults has been dated around 545 Ma (Yenchichi
I mylonites). A 560-535 Ma age range based on
U-Pb zircon and *"Ar/* Ar ages has been
obtained from deformed granite within the
nearby mega-shear zone defining the western
limit of the Iforas granulite unit (Fig. 1) (Lancelot
et al 1983). Distension, produced essentially by
horizontal movements, was weak and marked by

narrow grabens filled with molasse located along
major shear zones Fabre (1982).

The geochronological data seem to indicate the
diachronous emplacement of the two post-tec-
tonic families (from S, 580-560 Ma, to N, 550~
540 Ma). This could be related to differences in
the rate of uplift which may possibly be linked to
the obliquity of the collision (Ball & Caby 1984).

The sudden and radical change in post-tectonic
conditions from typical subduction and collision-
related calc-alkaline magmatism to alkaline mag-
matism, displaying all the geochemical and
petrological characteristics of within-plate ano-
rogenic complexes, implies the tapping of a new
source. Trace-element and REE patterns indicate
a less depleted water-poor mantle origin in
contrast with a subduction-related source. Pb
isotope data on feldspars (Liégeois & Lancelot,
unpublished data) show that the calc-alkaline
group had a source distinct from the more
radiogenic source for the alkaline rocks. The
Iforas alkaline ring-complexes have slightly
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higher ®’Sr/*°Sr initial ratios (0.7050-0.7061)
than those of the components of the surrounding
calc-alkaline batholith. This precludes crustal
contamination at shallow depth as a means of
raising the initial ratios. Moreover, oxygen
isotope data have shown interaction with meteo-
ric water to have been only very local (Weis et
al.). Some participation of lower crust is likely
but it is difficult to see why it should have been
greater than in the case of the calc-alkaline group.

We suggest that the new source is less depleted
asthenospheric mantle, originally underlying the
subducted plate, which has risen to shallow depth
after rupture of the cold plunging plate (Fig. 13).
This source would then be the same as that often
proposed for within-plate alkaline complexes
emplaced in a strictly anorogenic environment.
In the case of the nearby Tadhak alkaline
undersaturated and carbonatite province of Per-
mian age (Li¢geois er al. 1983), the main ring-
complex (Tadhak) can be interpreted as a pure
mantle product on the basis of Sr and Pb isotopic
data (Weis & Liégeois 1983) with a source of the
ocean island basalt type. An estimation of the Sr
isotopic composition of this deep mantle in Pan-
African times can be obtained by calculating
back the isochron-deduced %7Sr/5%° Sr initial ratio
to 550 Ma. This gives a ratio of about 0.7043,
which is clearly distinct from that of the depleted
lithospheric mantle represented by the island-arc
lavas (0.7025-0.7030).

Conclusions

The Cambrian oversaturated alkaline province,
with its extrusive plateau rhyolites, spectacular
acid dyke-swarms and typical alkaline ‘younger-
granite’ ring-complexes, displays all the major
petrographical and geochemical characteristics
of anorogenic within-plate magmatism, despite
its appearance only a few million years after a
major orogeny (Pan-African) and its location
along a sutured convergent plate boundary. As
the magmatic products are essentially the same
in contrasting settings, the source must be
identical and an explanation for peculiarities
must be sought in the basement geology (Black er
al. 1985).

There is now considerable evidence for inter-
preting the Pan-African Trans-Saharan orogenic
belt (Cahen et al. 1984) in terms of a Wilson cycle
ending with collision between the passive conti-
nental margin of the W African craton and the
activemargin of the Tuaregshield around 620 Ma
(Black et al. 1979; Caby et al. 1981). In the Iforas,
subduction-related low-K calc-alkaline pre-tec-
tonic magmatism is recorded in the interval 725-
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620 Ma and is found in both an island-arc and a
cordilleran environment. During and after colli-
sion high-K calc-alkaline late-tectonic granitoids
forming the main component of the Western
Iforas batholith were emplaced between 620 and
590 Ma and were followed by affiliated post-
tectonic plutons (580-550 Ma) during the rapid
uplift which led to unroofing of the batholith.
The switch to alkaline magmatism occurred
around 560 Ma ago in the S and 545 Ma ago in
the N indicating a northward migration.

All the calc-alkaline magmatism related to
subduction or to collision present low *"Sr/%Sr
initial ratios between 0.7035 and 0.7051 and may
be related to a lithospheric depleted mantle
source with participation of subducted oceanic
crust at depth and lower-crust Eburnean granu-
lites during ascent. The island-arc material
suggests that this mantle source has had an *7Sr/
*°Sr initial ratio around 0.7025-0.7030 (Caby et
al., 1986). The absence of typical crustal granites
(S-type) is probably due to the oblique nature of
the collision which in the Western Iforas did not
lead to a doubling of the crust as in the Himalayan
situation. These results, in contrast with W. Q.
Kennedy’s original view of the Pan-African as
an episode of basement reactivation (Kennedy
1964), provide strong evidence of important
crustal accretion during this event.

The switch to alkaline magmatism with its
distinctive geochemical characteristics is attrib-
uted to a different more primitive mantle source
corresponding to the asthenosphere. The alkaline
rocks have *’Sr/**Sr initial ratios ranging from
0.7050 to 0.7061 compared with an estimated
mean value for this source of 0.7043, based on
Rb-Srand Pb-Pb data from the nearby Permian
Tadhak undersaturated complex which is a pure
mantle product (Weis & Liégeois 1983),

Structurally, the onset of alkaline magmatism
in the Iforas occurred at the end of major uplift
and was accompanied by a change in the stress
field with renewed and intermittent transcurrent
movements along lithospheric mega-shear zones
and related wrench faults producing distension,
as indicated by the presence of dyke-swarms and
narrow molasse-filled grabens. In the model
proposed, access to a new source is explained by
rise of the asthenosphere to shallow depths
beneath continental lithosphere after rupture of
the cold subducted plate.

Asthenospheric mantle, which has often been
considered as a source for alkaline magmatism,
takes into account the petrological and geochem-
ical features common to all A-type granites. It

“can beargued thatdifferencessuch as the presence

or absence of associated tin mineralization are
due to the nature of the country rocks. The
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chances of finding economic Sn deposits are
considerably enhanced when the intrusions cut
crustally derived granitoids which have already
redistributed and concentrated the metal, e.g.
Nigerian Pan-African granites and tin-bearing
pegmatites. In the Iforas, where the basement is
composed of depleted granulitic rocks and essen-
tially mantle-derived granitoids, there is little
possibility of finding such mineralization (Black
1984).

Lastly, we would like to stress that whilst the
source of alkaline magmatism is to be sought in
the deep mantle, its location and nature are
largely controlled by the structure, composition
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and dynamics of the overlying continental lith-
osphere (Black er al. 1985).
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