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Abstract  

Weis, D., Li~geois, J.P. and Javoy, M., 1986. The Timedjelalen alkaline ring-complex and related N-S dyke swarms 
(Adrar des Iforas, Mali) - -  A Pb-Sr-O isotopic study. In: S. Deutsch and A.W. Hofmann (Editors), Isotopes in 
Geology - -  Picciotto Volume. Chem. Geol., 57: 201-215. 

The Iforas alkaline province is composed of spectacular N-S-trending acid dyke swarms, plateaux of ignimbritic 
and rhyolitic lavas, and silica-oversaturated ring-complexes. This province was emplaced just after the Pan-African 
collision which occurred between the Tuareg shield and the West-African craton 600 Ma ago. It is devoid of Sn 
mineralization in comparison with similar Paleozoic-Mesozoic complexes in Niger and Nigeria. 

The Pb-Sr-O data on the Timedjelalen ring-complex and on contemporaneous N-S dykes demonstrate the coge- 
netic mantle source for their parental magma, with a contamination by the lower continental crust from 10% to 50%, 
on the basis of Pb isotopes. There is no evidence for incorporation of old upper continental crust. These alkaline rocks 
show little alteration except for hydrothermal activity at ring- or dyke-country-rock contacts, as shown by lower 
51SO-values. The hydrothermal water involved appears isotopically heavy (in the range 0 to -3%c) and may have 
originated in a residual sea or lake. Lack of mineralization can be explained by the fact that the primary source is 
economically barren (mantle and lower crust) and that the interaction with country-rocks during the intrusion pro- 
cess was weak and mainly with barren mantle-derived Pan-African rocks. 

1. In troduct ion  

The Cambrian alkaline province of Adrar des 
Iforas includes (Figs. 1 and 2) early plutons, 
major dyke swarms, lava plateaux and ring- 

*Present address: The Lunatic Asylum of the Charles Arms 
Laboratory, Division of Geological and Planetary Sciences, 
California Institute of Technology, Pasadena, CA 91125, 
U.S.A. 

complexes, all following a subduction-collision 
regime (Black et al., 1979; Li~geois and Black, 
1984; Ba et al., 1985). The present study is 
focused on the dyke swarms of the Tiral- 
rar-Ichoualen area and on the Timedjelalen 
ring-complex, situated just southwest of the 
dykes. Both are contemporaneous { around 540 
Ma) and have comparable geochemical char- 
acteristics (Lidgeois and Black, 1984). Except 
for some turbid feldspars and chloritized bio- 
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Fig. 1. Structural scheme modified after Fabre et al. (1982): 
West African craton (west of the suture): 1 = unreacti- 
vated Eburnean basement; 2 = Gourma aulacogen 
( autochthonous passive margin) ; 3 = Timetrine-Gourma 
nappes; 4 = Permian Tessofi graben; 5 = Permian under- 
saturated ring-complexes (Tadhak area) and Iforas mobile 

belt (east of the suture ) : 6 = slightly reactivated basement 
and shelf cover; 7 = reactivated basement; 8 = island-arc 
volcanosedimentary assemblage; 9 = cordillera volcano- 
sedimentary assemblage; 10 = calc-alkaline batholith; 11 

= alkaline oversaturated ring-complexes and lava pla- 
teaux; 12 = Cambrian molasse; 13 = shear zones and tran- 
scurrent faults; 14 = thrusts; 15 = gravimetric suture zone. 

t i tes ,  t h e r e  is l i t t l e  a l t e r a t i o n ,  e s p e c i a l l y  in  t h e  

r i n g - c o m p l e x .  

T h e  a l k a l i n e  I fo ras  p r o v i n c e ,  w i t h  t y p i c a l  

a n o r o g e n i c  f ea tu re s ,  r e p r e s e n t s  t he  l a s t  pos t -  

t e c t o n i c  e v e n t  r e l a t e d  to  t h e  l a t e  P r e c a m b r i a n  

i n t e r c o n t i n e n t a l  co l l i s i on  b e t w e e n  t he  T u a r e g  

TIRALRAR 
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Fig. 2. Geological map of the Tiralrar-Timedjelalen area 
representing the alkaline rocks (1 - Tahrmert early alka- 
line pluton; 2 -- N-S dykes; 3 - rhyolitic and ignimbritic 
plateaux; T 1 - T 6  different intrusive phases of the 
Timedjelalen ring-complex: 4 (T1) - syenitic and micro- 
granitic ring-dykes; 5 (T2) medium-grained per- 
thite-aegirine-augite-Na-Ca-amphibole biotite granite; 
6 (T3) - coarse-grained perthite-aegirine-augite-Na-and 
Na-Ca-amphiboles; 7 (T4) - perthite-oligoclase- 
amphibole-biotite granite; 8 (T5) - fine-grained per- 
thite-oligoclase-biotite granite; 9 (T6) - medium- to fine- 
grained aegirine-arfvedsonite granite. 

s h i e l d  a n d  t h e  W e s t  A f r i c a n  c r a t o n  ( B l a c k  e t  

al., 1979) .  We  have  u n d e r t a k e n  a c o m b i n e d  

P b - S r - O  i so top ic  s t u d y  o n  t h e s e  dyke s  a n d  on  

t h e  r i n g - c o m p l e x  in  a n  a t t e m p t  to e v a l u a t e  the  

n a t u r e  a n d  i n t e n s i t y  of t he  h y d r o t h e r m a l  p ro -  

cesses  as wel l  as to c h a r a c t e r i z e  t h e  source  of 

t h i s  a l k a l i n e  m a g m a t i s m .  T h i s  s t u d y  s h o u l d  p u t  

n e w  c o n s t r a i n t s  o n  t he  source  of t he se  a l k a l i n e  



rocks linked to plate-tectonics and on subvol- 
canic intrusion processes. This should be espe- 
cially interesting as alkaline acid magmatism 
with comparable characteristics in both oceanic 
and continental environments is inferred to 
have a mantle origin (Bonin and Lameyre, 
1978; Bonin and Giret, 1985). These Malian 
alkaline rocks are devoid of mineralization, in 
contrast to the mineralized Niger-Nigeria 
alkaline province whose other characteristics 
are very similar. 

2. Geological setting 

The Adrar des Iforas, the Malian part of the 
Tuareg shield, has been integrated in a late Pre- 
cambrian plate-tectonic model consisting of a 
complete "Wilson cycle" (Black et al., 1979; 
Fabre et al., 1982). An extensional period led, 
around 850 Ma ago, to the formation of an ocean 
between the West African craton and the 
Tuareg shield. In the Iforas, the Pan-African 
active margin consists of two well-developed 
environments elongated in a N-S  direction 
along the trench: (1) to the west, an island arc 
root composed of deep volcanosedimentary 
sequences intruded by basic plutonic rocks and 
with no sign of old continental basement ( Caby, 
1981; Dupuy et al., in prep. ). There is evidence 
to suggest that  subduction started around 720 
Ma ago ( R. Caby and U. Andreopoulos-Renaud, 
unpublished data) ; and (2) to the east of this 
island arc, a cordillera with Archean and Pro- 
terozoic basement was intruded essentially by 
tonalites and diorites and covered by andesites 
(Chikhaoui, 1981). This subduction period, 
with easterly dipping Benioff zone, ended 
620-590 Ma ago during collision between the 
West African craton and the Tuareg shield 
( Ducrot et al., 1979; Liggeois and Black, 1984 ). 
At present, the two paleo-continents are sepa- 
rated by a suture marked by a string of positive 
gravimetric anomalies (Bayer and Lesquer, 
1978) and the two paleo-environments (island 
arc and cordillera) of the Iforas are separated 
by the N-S mega-shear zone (0°50 'E)  of Tes- 
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salit-Anefis ( Fig. 1 ). Collision between the two 
continents has probably been oblique, corre- 
sponding to a tectonic phase with important  
N-S stretching (constriction) (Ball and Caby, 
1984). The intensity was weak and has not 
induced a Himalayan-type confrontation. This 
oceanic closure has produced major amounts of 
calc-alkaline granitoids mainly of mantle ori- 
gin (Bertrand and Davison, 1981; Li~geois and 
Black, 1984; Dupuy et al., in prep.). Pre- and 
syn-tectonic granitoids constitute a large com- 
posite batholith (size: 200 × 50 km; Li@eois et 
al., 1986, fig. 1 ). Rapid uplift occurred soon after 
collision contemporaneously with the intrusion 
of a volumetrically small post-tectonic calc- 
alkaline group. This suite is considered as the 
last manifestation of the previous syn-tectonic 
magmatic event (Li~geois and Black, 1984). 

Around 560 Ma ago the alkaline group which 
is well represented in the Adrar des Iforas was 
emplaced. An early intrusion was the Tahr- 
mert-type biotite hypersolvus granite, which 
occurs in high-level plutons. After this intru- 
sion all the units (pre-, syn- and post-tectonic ) 
were eroded, leading to unroofing of the bath- 
olith. Rhyolitic and ignimbritic lavas were 
extruded on this eroded surface, and their relics 
constitute extrusive plateaux (Nigritian; Kar- 
poff, 1960). Because the late molasses of the 
belt are composed essentially of rhyolitic and 
ignimbritic material (Fabre, 1982), these acid 
lavas must have covered all the Iforas. They 
were fed by impressive N-S dyke swarms 
(commonly more than 100 km long), which are 
studied in this paper. The last magmatic event 
in the Iforas consisted of the intrusion of the 
alkaline ring-complexes between 560 and 540 
Ma (Kidal and Timedjelalen ring-complexes, 
25- and 21-WR Rb-Sr  isochron, respectively; 
Li~geois and Black, 1984; Ba et al., 1985 ). They 
are aligned along the N-S axis of the calc-alka- 
line batholith in a direction parallel to the 
suture, and locally intrude the acid volcanic pile. 
The country-rocks of the ring-complexes are 
then essentially of Pan-African age. 

This study is focused on the alkaline group 
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represented by the N-S dykes in the Tiralrar 
area and the space- and time-related Timedje- 
lalen ring-complex. The lavas were not included 
in this study because they have been severely 
altered. 

3. The Tiralrar N - S  dykes  and the 
Timedjelalen r ing-complex  

The studied N-S dyke swarms, with a length 
of more than 100 km, are situated NE of the 
Timedjelalen complex in the Tiral- 
rar-Ichoualen area and include the feeder dykes 
of the ignimbritic and rhyolitic Tiralrar lava 
plateaux. The dykes are composed of brownish 
devitrified rhyolites, granophyric and porphy- 
ritic microgranites and quartz-microsyenites 
often containing basic inclusions. The pheno- 
crysts are rhyolitic quartz, perthitic K-feldspar 
often deuterically altered and a few ferro- 
magnesian aggregates (mostly biotite but also 
clinopyroxene and amphiboles).  As in the case 
of the alkaline granites, both metaluminous and 
peralkaline varieties occur. The groundmass is 
composed of quartz and feldspars. The N-S 
dykes are SiO2 rich, most of them having around 
75% SiO2. 

Adrar Timedjelalen is one of the largest ring- 
complexes in the Iforas and is very typical with 
its six principal concentric phases (Fig. 2 ). The 
field survey has shown the following succession 
from the border to the centre (Ba et al., 1985) : 

TI: Porphyritic microgranite (quartz, malgachitic perthit- 
ic alkali feldspar, microcrystalline groundmass) 

T2: Medium-grained granite (quartz, perthite, aegi- 
rine-augite, Na- and Ca-Na-amphiboles) 

T3: Coarse-grained granite (quartz, perthite, aegi- 
rine-augite, Na- and Ca-Na-amphiboles) 

T4: Heterogeneous granite (quartz, perthite, oligoclase, 
amphibole, biotite ) 

T5: Fine-grained granite (quartz, perthite, oligoclase, 
biotite) 

T6: Fine- to medium-grained granite (quartz, perthite, 
aegirine, arfvedsonite, astrophyllite) 

Compositions of the perthites vary as a func- 
tion of the hypersolvus or subsolvus character 
of the granites and there are no relations 

between the purity of phases and the different 
rings (Ba et al., 1985): indeed, the orthoclase 
proportions in the perthites (Nor) are: hyper- 
solvus-group perthite (TI ,  T2, T3, T6):  K- 
feldspar: Nor=95.2-98.2, albite: Nor=0.2-1.4; 
and subsolvus-group perthite (T4, T5):  K- 
feldspar: Nor=89 (T4),  73 (T5),  albite: 
Nor = 2.25 ( T4 ), 13.6 ( T5 ). Volcanic structures 
are absent. The aluminous series (T4 and T5) 
occurred in the middle of the magmatic cycle: it 
is flanked by the peralkaline series (preceded 
by T1, T2 and T3 and followed by T6).  As Ba 
et al. (1985) have pointed out, the Iforas ring- 
complexes are mainly characterized by the tbl- 
lowing features: (1) all the rocks are SiO2 rich 
(more than 65% Si02) ; (2) the hydrothermal 
alteration is weak and has not modified the 
chemistry; this is a distinctive feature of the 
Iforas rocks when compared to the Younger 
Granites of Nigeria (Bowden, 1979). The ori- 
gin of the two magmatic trends (aluminous and 
peralkaline) in ring-complexes is problemati- 
cal: either derivation of the two series by frac- 
tionation from a common mantle source 
(Jacobson et al., 1958; Black, 1965; Upton, 1974; 
Bonin, 1980, 1982; Gadalia and Varet, 1983) or 
mantle origin for the peralkaline series by dif- 
ferentiation from a basic magma which in turn 
melts the continental crust producing the alu- 
minous series (Bailey and Schairer, 1966; Bow- 
den, 1970; Wones, 1974; Barker et al., 1975). 

4. Analyt ica l  techniques  

4.1. Lead 

About 100 mg of sample powder (crushed to 
< 200 mesh in an agate mortar) were dissolved 
in a Teflon ® bomb with a 7 : 1 : 1 
HF-HNO3-HC104 mixture. Pb was separated 
on anion-exchange columns in HBr-HC1 con- 
ditions following a method derived from Nun ' s  
et al. (1973) and Manh~s et al. (1978). Pb and 
U concentrations were measured on the same 
sample solution (split before loading on col- 
umns and spiked with a mixed spike 23~U-2°~Pb) 



and U was separated in HN03 medium. All the 
operations were carried out in an overpressur- 
ized ( > 5 mm Hg) ultraclean laboratory and in 
laminar-flow cabinets. Total Pb blank values 
were lower than 2 ng for the whole chemical 
procedure. Pb isotope compositions were mea- 
sured on single-zone-refined Re filament with 
a Finnigan ® Mat 260 mass spectrometer at the 
Belgian Centre for Geochronology (B.C.G., 
M.R.A.C.-U.L.B.-V.U.B.) by the silica 
gel-phosphoric acid method (Cameron et al., 
1969). All results were corrected for mass frac- 
tionation (1 _+0.34%0 per a.m.u.) on the basis 
of 34 analyses of the NBS 981 Pb standard 
( Catanzaro et al., 1968 ) in a temperature range 
of 1100-1200°C. Within-run precision for Pb 
isotopic analyses was better than _+00.5%0 
(2am) and between-run precision better than 
+0.1% for the 2°6Pbff°4pb and 2°Tpb/2°4pb 
ratios, and better than _+0.15% for the 
2°SPb/2°4Pb ratios. Pb and U concentrations 
were measured by the isotope dilution tech- 
nique on a Varian ® Mat TH5 mass spectrom- 
eter (B.C.G.) and are given with a precision 
better than _+ 2%. 

4.2. Oxygen 

Just before loading in Ni tubes, the samples 
were crushed in an agate mortar to obtain the 
best homogeneity. The samples were reacted 
overnight at 550-600°C with bromine penta- 
fluoride ( Clayton and Mayeda, 1963 ). Oxygen 
was quantitatively converted to COe on a car- 
bon filament. Isotopic compositions were mea- 
sured on a VG Micromass ® 602C double 
collector mass spectrometer (Laboratoire de 
G~ochimie des Isotopes Stables, Paris VII), 
with a COe standard calibrated against silicate 
and carbonate oxygen international reference 
materials. Analyses of the silicate SF3 working 
standard gave an 5180 average value of 
+ 11.62 + 0.06%~ (2am). NBS 28 was measured 
at +9%0 during this period. Each sample was 
analysed at least twice, especially the alkaline 
granites with turbid K-feldspars to avoid 
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reproducibility problems due to inhomogeneity 
of post-magmatic alteration. The mineral sep- 
arations were done with a Franz ® magnetic 
separator and heavy liquids (M.R.A.C.). 
Finally, quartz was purified by selective feld- 
spar dissolution [ HF treatment ( 3-5 rain. ) and 
HC1 washing; Fourcade and Javoy, 1984 ]. The 
K-feldspar 51SO-value was obtained from mass- 
balance calculations. For each sample the min- 
eral purity was checked with a binocular micro- 
scope. ~sO/~60 ratios are expressed 
conventionally in 5~80-values relative to 
SMOW. 

4.3. Strontium 

The Sr data have been previously published 
in a general paper on the Iforas magmatism 
(Li~geois and Black, 1984). The reader is 
referred to this paper for analytical procedure 
and sample petrography. 

All age values given in this paper have been 
calculated with the decay constants recom- 
mended by the I.G.C.P.-I.U.G.S. Subcommis- 
sion of Geochronology (Steiger and J~ger, 
1977). 

5 .  R e s u l t s  

5.1. Oxygen 

Nine whole-rock oxygen analyses were made 
in each case while four quartz-K-feldspar pairs 
were analysed for the Timedjelalen ring-com- 
plex and three for the N-S dykes. The results 
are reported in Table I and plotted vs. SiO2 in 
Fig. 3. 

For the Timedjelalen ring-complex, most 
whole-rock 51SO-values are between + 5.7 and 
+7.1%o [Table I, (b)] and only two samples 
show distinctly lower 51SO-values. Quartz gives 
homogeneous 5~SO-values with an average at 
+6 .8+ _ 0.4/oo while the K-feldspars show more 
variable 6 ~SO-values. In fact, the low whole-rock 
5~SO-values correspond to low K-feldspar 5180 - 
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T A B L E I  

61SO-values of the N-S dykes and of the Timedjelalen ring- 
complex (the ring number is in brackets), for whole rock 
( W R ) ,  quartz  (Qz) and K-feldspars (Kf)  ; the fourth col- 
umn gives the difference between quartz and K-feldspars 
61SO-values (ZJQz Kf) 

Samples 61~0 (%0) AQz_Kf 
(%o) 

WR Qz Kf  

(a) N - S  dykes: 

JPL357a +6.3  + 0.2 
JPL358 + 3.3 _+ 0.1 
JPL366 + 3.1 _+ 0.3 
JPL375 + 4.5 _+ 0.3 
JPL376 + 5.0 _+ 0.5 
JPL387 + 2.8 _+ 0.1 
JPL399 + 2.6 _+ 0.2 
JPL403 +4.1 _+0.1 
JPL419b + 2.0 _+ 0.3 

( b ) Timedjelalen ring-complex: 

+6.5  +0 .6  +5 .9  

+6.3  +1 .6  +4 .7  
+6 .4  +1.3  +5.1 

JPL306 (T2)  + 6 . 2 + 0 . 1  +7 .0  +5 .7  +1.3  
RB360 (T2)  +5.7_+0.1 
JPL334 (T3)  +5.7_+0.3 
JPL325 (T4)  +7.1_+0.2 
JPL341 (T4)  +3.1_+0.3 +6 .3  +1.3  +4.7  
JPL327 (T5)  +6.5_+0.3 
JPL340 (T5)  +3.8_+0.3 +7.1 +1.3  +5 .8  
JPL337 (T6)  +6.1_+0.3 +6.7  +5 .7  +1 .0  
JPL339 (T6)  +6.6_+0.2 

values ( < +2%c,) with large ZiQz_Kr-Values 
( >  +4.5%~). 

For the N-S dykes, whole-rock 61SO-values 
are more scattered, between + 6.3 and + 2.0%c. 
The 61sO in quartz are again very homogeneous 
with an average at +6.4+0.1%o while all the 
analysed feldspars have lower 61SO-values 
( ~ + 1.1%~ ) with corresponding large Z~Qz_Kf- 
values. All N-S  dyke samples plot far away from 
the magmatic equilibrium line in the 61SOqz vs. 
61SOKr diagram (Fig. 4). 

5.2. Strontium 

A Rb-Sr isochron based on 14 whole-rock 
samples from different dykes (in an area of 200 
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s 
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+ 

% S [ O  2 
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Fig. 3.6180 vs. % SiO2 for the N-S  dykes and for the Timed- 
jelalen ring-complex. Timedjelalen whole-rock ( 0  = T1; 
• = T2; • = T3; • = T4; • : T5; • = T6; correspond- 
ing horizontally hatched symbols for quartz and vertically 
hatched symbols for K-feldspar. N-S dykes: * : whole- 
rock; + : quartz; X : K-feldspar. 

km e) yields an age of 543+9 Ma (initial 
STSr/S6Sr (IR) = 0.7050 _+ 0.0003, MSWD 
(mean square of weighted deviates) = 2.0, Fig. 
5, calculated by the Williamson (1968) 
method). Twenty-one whole-rock samples from 
the Timedjelalen ring-complex yield a concor- 
dant Rb-Sr age of 549 + 6 Ma (21 WR, IR : 
0.7052 _+ 0.0005, MSWD -- 3.0, Fig. 5). The 
earliest alkaline member, the Tahrmert pluton 
also gives a comparable age and initial ratio: 541 
_+ 7 Ma (IR = 0.7061 _+0.0004) (Li~geois and 
Black, 1984). 

5.3. Lead 

Eight samples from the Timedjelalen ring- 
complex have been analysed for whole-rock Pb 
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isotopic composition and Pb and U concentra- 
tions (Table II).  In the P b - P b  diagram (Fig. 
6), these samples define a linear array whose 
slope, if considered as a secondary isochron, 
corresponds to an age of 698 + 145 Ma ( MSWD 
= 0.5 ). This value is consistent with the R b - S r  
age within analytical errors (the errors of the 
P b - P b  method are much larger for relatively 
young ages because of the relative small varia- 
tions of the 2°Tpbff°4pb ratios in recent times, 
due to the small fraction of '~3sU left compared 
with 2:mU). The 2°spbff°4pb vs. 2°6pbff°4Pb 
diagram shows a bigger scatter. The U - P b  sys- 
tems are, as usual, much more disturbed, but  
give fairly concordant results (Fig. 7). The 
2°6pb-938U system gives an isochron only if the 
four W R  samples 299, 334, 360 and 429 are con- 
sidered (the other samples are also the ones 
which are scattered in the 2°Spb-2°6Pb dia- 
gram). In this case it yields an age of 573 + 26 
Ma, (2°6pbff°4pb)o = 16.73_+0.04 (4 WR, 
MSWD = 3.9). This value is very close to that  
obtained by the R b - S r  method (549 _+ 6 Ma) 
and implies that  these four samples do not show 
any significant U loss. The '~°7pb-23sU 
chronometer  leads to the same conclusions: the 
same four W R  samples, 299, 334, 360 and 429 
give: 599 _+ 164 Ma, (2°7pbff°4pb)o = 15.36 _+ 
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Fig. 5. Rb-Sr isochrons of the N-S dykes (A) and of the 
Timedjelalen ring-complex (B) after Li~geois and Black 
(1984). 

0.03 ( MSWD = 0.0). It is noteworthy, that  for 
each sample, the relative deviation from each 
U - P b  isochron is similar (Fig. 7). The 
2°Tpbff°4pb ratios are relatively low and in gen- 
eral, all the Pb ratios are not very radiogenic for 
granitic rocks of that  age. The Pb initial ratios 
can be deduced in two different ways: either with 
the P b - P b  system or with the U - P b  isochron 
diagrams. Considering that  the Timedjelalen 
complex crystallized 550 Ma ago ( R b - S r  age), 
the P b - P b  system provides model initial values 
of 16.77 and 15.37 for the 2°6Pbff°4pb and 
2°Tpbff°4pb ratios, respectively (Fig. 6). These 
values are not significantly different from those 
given by the U - P b  systems (see above).  Con- 
sequently, the initial Pb ratios for the Timed- 
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TABLEII 

Whole-rock Pb isotopic compositions and U and Pb concentrations for the Timedjelalen ring-complex (the ring number is 
in brackets) 

Sample 2°Spbff°4pb 2°TPbF°4pb ~°~Pbff°4pb Pb {*/ U/*' ~:{~U/~}4pb 
(ppm) (ppm) 

JPL 299 (T2) 40.182 15.503 19.054 10.4 3.8 24.25 
RB 360 (T2) 37.988 15.415 17.547 16.9 2.5 9.31 
JPL 334 (T3) 37.280 15.381 17.052 31.7 1.7 3.22 
RB 429 (T4) 38.029 15.420 17.682 17.2 2.9 10.45 
RB 446 (T4) 38.020 15.452 18.051 23.4 4.4 11.95 
JPL 340 (T5) 38.761 15.486 18.610 18.0 3.6 12.68 
JPL 337 (T6) 38.959 15.498 18.869 48.1 13.8 18.49 
RB 393 (T6) 37.790 15.454 18.043 72.3 14.0 12.08 

*Isotope dilution method. 
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jelalen ring-complex are taken to be those of 
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6. D i s c u s s i o n  

6.1. Interpretation of the low 6180-values 

All but two of the Timedjelalen complex 
samples, as well as one N - S  dyke, have O iso- 
topic composit ions at the lower end of the nor- 
mal-lSO group ( 6 1 8 0  : + 6  to +8%°)  of 
granites as defined by H.P. Taylor (1968).  On 



plex and most of the N-S  dyke whole-rock sam- 
ples show lighter 0 isotopic compositions (filsO 
= +2.0 to +5.0%~). This could reflect either 
interaction with a low-fi180 fluid (meteoric 
water at high temperature or previously 
hydrothermally altered country-rocks) or an 
origin by direct partial melting of pre-existing, 
low-~lSO rocks. 

Both the low-~lSO Timedjelalen and the N-S 
dyke samples show typical geological and 
petrological features of igneous complexes 
characterized by 1sO depletion as described by 
H.P. Taylor (1977). The intrusions are subvol- 
canic complexes, the feldspars are turbid and 
more depleted in xso than the other minerals, 
whilst the occurrence of granophyric inter- 
growhts between K-feldspar and quartz is com- 
mon. All these features, together with the very 
homogeneous filSOqz-values at around + 6.5%~, 
as well as the majority of whole-rock ~180-val- 
ues in the Timedjelalen ring-complex above 
+5.77;~,, indicate that  the low fi180-values 
reflect a secondary process, i.e. hydrothermal 
alteration. This alteration must  have occurred 
at relatively low temperatures (below the sta- 
bility fields of the OH-bearing minerals) and 
does not result from direct crystallization from 
a low-c~180 magma. This is confirmed by the 
position of the low-~180 samples in the ~lSOqz 
vs. ~18OKf diagram (Fig. 4) which fall on the 
trend of rocks whose isotopic disequilibrium has 
been attributed to hydrothermal alteration 
(Criss and Taylor, 1983; Fourcade and Javoy, 
1984). As quartz is a very resistant mineral, 
whilst K-feldspar is very sensitive to isotope 
exchange during hydrothermal alteration, this 
diagram is very useful for testing the isotopic 
equilibrium within magmatic rocks. Indeed, the 
Timedjelalen samples with normal fi~SO-values 
fall close to the line defined by a fractionation 
factor, ~qz-Kf, of ~- 1%~ corresponding to mag- 
matic equilibrium values (Garlick, 1966; H.P. 
Taylor, 1968, 1977; Anderson et al., 1971 ). 

All the altered K-feldspars have low ~lSO- 
values, giving an average at +1.3 _+ 0.4%~ 
( + 0.6 to + 1.6%o, Fig. 3 ). For usual water/rock 
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ratios and for a mean temperature of alteration 
of~  400 ° C, this homogeneity of the ~lSOKf-Val- 
ues implies that  the water/rock ratios have not 
varied by more than a factor of 2. From the bal- 
ance and fractionation values in the equilibria 
equations (Bottinga and Javoy, 1975), we 
derive ~lSOKf-Values for the meteoric water 
between 0 and -3%c,  with water/rock ratios 
between 0.5 and 2, respectively. These values 
are relatively heavy by comparison with the 
typical negative values of meteoric water ( Craig, 
1961; H.P. Taylor, 1977) in the range - 15 and 
-5%~. An explanation could be found in the 
existence of residual basins subjected to vari- 
able evaporation rates. Preliminary studies of 
contemporaneous molasses ( Fabre et al., 1982 ) 
seem to confirm the existence of such kind of 
basins in the Iforas at that  time. However, more 
geological and isotopic data, particularly 
hydrogen systematics, are necessary to confirm 
this suggestion. 

Another question which arises from the oxy- 
gen results concerns the "engine" of the 
hydrothermal circulation: is it driven by the 
intrusions themselves or by another heat 
source? The Timedjelalen ring-complex could 
easily provide the heat necessary to generate a 
convective hydrothermal system, but this is 
doubtful in the case of the dykes. Nevertheless, 
another possible heat source could be the thick 
rhyolitic and ignimbritic pile which is thought 
to have covered the entire region at the closure 
of the Pan-African period (Li~geois and Black, 
1984). Such hydrothermal systems are known 
under flood basalt sequences (Walker, 1960) 
and are likely to have produced similar effects 
in the In Zize complex (Hoggar; Fourcade and 
Javoy, 1984). Moreover, the fact that  only two 
closely-spaced samples from the Timedjelalen 
ring-complex have been affected (within 500 m, 
but from two different intrusions ) implies that  
the hydrothermal alteration, which was never- 
theless intense, was only a local phenomenon 
along contacts between successive ring-dykes 
just as in the case of the dyke-country-rock 
contacts for the N-S dykes. In this way, the 
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respective size and shape of the intrusions eas- 
ily explain why the dykes are more affected than 
the ring-complex. 

6.2. The source of the parental magma 

The initial STSr/S6Sr ratios of 0.7050 _+ 0.0003 
and 0.7052 _+ 0.0005, identical within analyti- 
cal error for the N-S dykes and the ring-com- 
plex are slightly higher than the Pan-African 
mantle values in subduction environment under 
the Itbras (0.7025-0.7030; Dupuy et al., in 
prep.). They are nevertheless low enough to 
preclude an origin by anatexis of old upper- 
crustal rocks. The role of the lower crust 
remains uncertain. Although its participation 
in the genesis of the alkaline Iforas Pan-Afri- 
can rocks could be invoked to explain their high 
silica contents, it is difficult to derive the vol- 
ume of rocks observed in the Adrar des Iforas 
from an unradiogenic and residual lower crust 
only. Moreover, the Archean granulitic unit of 
the lforas, which may represent the lower crust 
in this area, was shown to have a mean of 
~TSr/S~Sr around 0.709 during the Pan-African 
epoch (Ferrara and Gravelle, 1966; Li6geois et 
al., 1986). 

O-isotopic compositions with whole-rock 
dlSO-values between +5.7 and +7.0~:~ agree 
with the Sr isotope model. These values are in 
the low-~SO end of the normal-~SO group of 
granites defined by H.P. Taylor (1968), i.e. 
within the range of values which could have 
been fl)rmed by direct differentiation of man- 
tle-derived magmas. Unaltered mid-ocean ridge 
and ocean island basalts have values between 
+5.4 and +7.3~i~: with an average at +5.8 _+ 
0.3~i( (Garlick, 1966; H.P. Taylor, 1968; Javoy, 
1970; Muehlenbachs and Clayton, 1972; Pineau 
et al., 1976). Granitic rocks usually have values 
between + 7 and + 16%c. Many of the high val- 
ues have been ascribed to interaction with water 
at low temperature, although values as high as 
+ 12! i,( have also been considered as magmatic 
(H.P. Taylor et al., 1984). On the other hand, 
~lsOsR-values of~ + 6 ~  have seldom been 

reported for granitic rocks. Only rhyolites from 
Easter Island ( H.P. Taylor, 1968), acidic rocks 
from Ethiopia (Javoy, 1970) and alkaline 
granite inclusions in Ascension lavas (Weis et 
al., 1987) show values below + 7(:i~. They con- 
firm that fractional crystallization alone can- 
not produce values higher than + 7%~. This is 
also reflected by the values (from +5.9 to 
+6.3"ic) of the only "acidic" sample found on 
the Moon (12013; H.P. Taylor and Epstein, 
1973). 

The most likely ultimate origin for low-dlsO 
granitoids is the mantle with or without contri- 
bution from the lower continental crust. Sr and 
O isotopes cannot differentiate these two res- 
ervoirs because many of the deep-basement 
rocks have STSrff6Sr and ~ 180 within the man- 
tle range (Fourcade and Javoy, 1973; Shieh and 
Schwarcz, 1974). Nevertheless, both Sr and O 
isotopic compositions indicate a common 
parental magma, with similar geochemical 
characteristics for the ring-complex and the 
dykes. This is confirmed by the remarkable 
homogeneity of ~lsO of quartz in all alkaline 
granite anorogenic complexes (Javoy and Weis, 
submitted). 

The Pb isotopic system provides new insight 
into the problem of the origin of the parental 
magma. The Pb initial isotopic ratios of the 
Timedjelalen complex fall between the evolu- 
tion curve of the mantle and the lower crust as 
defined by the plumbotectonics model (Zart- 
man and Doe, 1981 ). Additional and more pre- 
cise constraints can be added to infer the origin 
of the alkaline rocks of the Iforas as it has been 
shown that the parental magma of the Tadhak 
complex originated in an ocean island basalt 
(OIB) type mantle, under northern Mali (Weis 
et al., submitted). The Tadhak alkaline pluton, 
of Permian age (Li6geois et al., 1983) is situ- 
ated just west of the suture, 200 km NW of the 
Timedjelalen ring-complex (Fig. 1). It is the 
main plutonic complex of an undersaturated 
province intruding the Eburnean (2000-Ma-old 
African orogeny) West African craton, com- 
posed of old gneisses and granites. The geo- 



chemical and isotopic characteristics of the 
Tadhak pluton compared with those of the 
country-rocks are very different. The parental  
magma of this complex derived from the sub- 
continental  mantle whose geochemical and iso- 
topic characteristics are comparable to those of 
the OIB source mantle, with no evidence of 
continental  crust influence (Weis et al., sub- 
mit ted).  Its initial Pb and Sr isotopic ratios can 
then be used as a reference for characterizing 
the OIB mantle under that  region. For the pur- 
pose of this study, the values were corrected 
back from 270 Ma ( age of intrusion ) to 540 Ma. 
They are: STSr/SGSr = 0.70426-0.70445 
(STRb/S6Sr of 0.08 and 0.03, respectively),  
2°~Pbff°4pb = 18.11 and 2°TPbff°4pb = 15.56. 

Like the Sr and O isotopic results, the initial 
Pb isotopic ratios (2°6Pbff°4pb = 16.73 and 
2°TPbff°4pb = 15.36) in the ring-complex rule 
out a participation of old upper crust. Because 
of the similar geochemical and isotopic char- 
acteristics of the N - S  dykes and the Timedje- 
lalen ring-complex, we will assume that  it is the 
same for the Pb isotopes. The latter indicate 
that  the parental  magma of the Timedjelalen 
pluton can derive from the mantle. Neverthe-  
less, the comparison of the initial Pb  ratios with 
those of the mantle at 540 Ma (Tadhak- type 
mantle, '~6Pb/')°4pb - 18.1-18.7 and 
'~°TPb/"°4pb = 15.56-15.59, or plumbotectonics 
model mantle, 17.24 and 15.42, respectively) 
suggests that  another component  was also 
involved in the genesis of these rocks. Indeed, 
these initial ratios are significantly lower than 
the mantle values (either OIB or MORB val- 
ues ). The lower crust is the only reservoir which 
has Pb ratios less radiogenic than the mantle 
and it appears to be the best candidate to fulfil 
all the constraints imposed by Pb, Sr and O iso- 
topic systems. An approximate est imate of the 
amount  of Pb of lower crust incorporated in the 
alkaline magmatism in the Iforas can be 
obtained by modelling the Pb isotope system- 
atics in the Timedjelalen complex. For that  
purpose, we assume that  the mantle values cor- 
respond to the Tadhak isotopic ratios recalcu- 
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lated at 540 Ma. The Pb content  of the mantle 
component  is est imated a t e0 .15 -0 .2  ppm 
("primary mantle"; O'Nions et al., 1979; Zart- 
man and Doe, 1981; Chen and Pallister, 1981 ) 
while that  of the lower crust is est imated at 7.5 
ppm ( S.R. Taylor and McLennan,  1981 ). The 
Pb isotopic compositions of the latter can be 
est imated from the plumbotectonics model val- 
ues (Zartman and Doe, 1981; lower crust 540 
Ma ago: '-'°6Pbff°4Pb - 16.71, ~"TPb/"°4pb 
15.29). The calculation gives a range of values 
from !0% to 50% for the lower-crust partici- 
pation in the genesis of the Timedjelalen com- 
plex on the basis of the Pb ratios, a more realistic 
value be ing~30%.  A change in some of the 
assumed parameters,  i.e. Pb isotopic composi- 
tions of the two extreme components,  has only 
a very small influence on the calculated amount  
of lower-crust contaminat ion because of the 
drastically lower Pb contents  in the mantle 
compared to the lower continental  crust. This 
indicates that  the primary magma source was 
the mantle, even in the case where the alkaline 
rocks have been formed just  after an important  
tectonic event ( intercontinental  collision ). On 
the other hand, a change in the assumed con- 
centrat ion values, for both the mantle and the 
lower-crust components,  has a much larger 
effect on the est imated proportions of contam- 
ination: for instance, assuming 15 ppm Pb in 
the lower crust (which is not especially unreal- 
istic as the Pb contents depend strongly on the 
chemical composition of the crust, i.e. felsic or 
marie) reduces the contaminat ion values by a 
factor of 2. This indicates also that  these values 
have to be taken as a general indication only. 
The mean  SVgr/S6Sr ratio 600 Ma ago of the 
Iforas Archean granulites, susceptible to rep- 
resent the Iforas lower crust, has been mea- 
sured at 0.709 from a representative set of 
samples (Lidgeois et al., 1986 ). With the same 
mantle reference (Tadhak,  ~7Srff~Sr = 0.7043, 
600 Ma ago),  the Sr isotopes indicate a much 
weaker lower-crust contamination. The Pb iso- 
topic system appears to have a different behav- 
tour than Sr during magmatic processes and is 
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much more sensitive to crustal contamination. 
In fact, modelling of the isotope systematics 
provides only selective contamination values. 
Bulk amounts of lower crust incorporated are 
probably much lower. 

The results of this study coupled with those 
obtained on the basement (Li4geois and Black, 
1984) may help to explain some economic geo- 
logical features. Indeed, a striking characteris- 
tic of the Iforas alkaline province is the lack of 
mineralization (except in Th),  as also observed 
in the oceanic ring-complexes of the Kerguelen 
Islands (Lameyre et al., 1976) whose petro- 
graphical and structural characteristics are very 
similar to the well-known mineralized 
Niger-Nigeria province (Van Breemen et al., 
1975). However, in the Adrar des Iforas, three 
features could account for this lack of 
mineralization: 

(1) the main primary source of the alkaline 
Itoras magmatism is the mantle, which has very 
low concentrations of elements of economic' 
interest; 

( 2 ) the contaminant is the lower crust, which 
is also relatively poor from an economic point; 
of view; 

(3) the hydrothermal alteration, which was 
nevertheless intense, has a very limited exten- 
sion and corresponds to low temperatures. 
Moreover, the country-rocks are essentially 
barren because they are constituted by the calc- 
alkaline Pan-African composite batholith of the 
Iforas (Li4geois et al., 1986) which is rooted in 
the mantle and shows only a weak lower-crust 
contamination (Li4geois and Black, 1984, 
1986). Black (1984) suggests that the chances 
of finding deposits of economic interest (par- 
ticularly Sn) in alkaline anorogenic complexes 
are considerably enhanced when, like in Nigeria, 
they cut Pan-African crustally derived grani- 
toids with higher S7Srff6Sr initial ratios which 
have already redistributed and qoncentrated the 
metal. 

7. Conc lus ions  

(1) In the Iforas, the parental magma of the 
oversaturated alkaline rocks has a mantle ori- 

gin with lower-crust contamination (Sr, 0 and 
Pb isotopic evidence ). The amounts of contam- 
ination range, on the basis of Pb isotopes, from 
10% to 50% (a more likely value being around 
30% ) and correspond probably to selective val- 
ues for Pb. They depend on Pb concentrations 
and, to a smaller extent, on Pb compositions 
assumed for the two end-members. Sr isotopes 
indicate a much weaker lower-crust 
incorporation. 

( 2 ) The participation of the upper crust can 
be entirely excluded in the alkaline Iforas prov- 
ince on the basis of the Sr, O and Pb isotope 
systematics in the Timedjelalen ring-complex 
and the N-S dyke swarms. This is interesting 
because the upper crust has often been consid- 
ered as a possible source or as a possible con- 
taminant in the genesis of alkaline complexes 
in general, and in some cases it has been 
involved in the genesis of these rocks ( Nigerian 
Younger Granites, Van Breemen et al., 1975; 
Seychelles granites, Weis and Deutsch, 1984 t. 

( 3 ) ci 'sO(~-values are very homogeneous and 
in the magmatic range ( +6.6 _+ 0.3~'i, ) both in 
the dykes and in the ring-complexes. K-feld- 
spars from the dykes and two samples from the 
ring-complex show lower values indicative of 
either late or even post-magmatic hydrother- 
mal alteration which must have been intense 
but is spatially limited at dyke and ring contacts. 

(4) The lack of typical mineralization 
appears characteristic of the Iforas alkaline 
province and could be explained by an origin 
within economically-barren reservoirs (mantle 
and lower crust) of both the alkaline rocks and 
their calc-alkaline country-rocks, more espe- 
cially as the hydrothermal alteration was of very 
limited extension. 
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