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The Tadhak alkaline ring-complex of Permian age provides two whole rock U-Pb isochrons giving concordant ages 
in agreement within relative errors with the Rb-Sr isochron age: Z35U-2°TPb isochron: 271 +_ 32 Ma (MSWD = 0.3); 
23SU-2°6pb isochron: 254 _+ 18 Ma (MSWD = 7.8), both on 8 whole-rock samples. The existence of these isochrons 
indicates that in favorable conditions U (and Pb) can be immobile. This can be due either to the lack of hard oxidizing 
conditions and/or to the location of U, in very low concentrations, in weathering-resistant minerals. The initial ratios 
(2°6pb/2°4 Pb = 18.714 _+ 70 and 2°7pb/2°4 Pb = 15.589 _+ 16), corrected for their Permian age, lie in the range observed 
for oceanic island basalts or continental alkali basalts and indicate an origin in a similar mantle, without any significant 
crustal contamination. This was also suggested by the initial 87Sr/86 Sr ratio of 0.70457 ± 4. Moreover, these Sr and Pb 
isotopic characteristics belong to the field of the so-called "Dupal" anomaly and indicate that it existed already 270 Ma 
ago. This study shows the potential interest of isotopic investigations of within-plate alkaline ring-complexes to 
characterize subcontinental mantle compositions, particularly in the past. 

1. Geological background 

The Tadhak  u n d e r s a t u r a t e d  province in Mali  is 
composed of several p lu tonic  ring-complexes, 
smaller volcano-plutonic  complexes and carbona-  

tites [1]. It is associated with the Tessofi graben 
which reflects an episode of Permian rifting along 
the Pan-Afr ican  suture [2] result ing from the colli- 

sion 600 Ma ago between the West Afr ican cra ton 
and  the Tuareg shield (Fig. 1) [3,4]. On the other 
hand,  the Iforas silica over sa tu ra t ed  alkaline prov- 
ince of ring-complexes, 100 km to the east of the 
Tadbak  area, has a completely distinct and older 
(560-540 Ma) history and follows immediate ly  an 
impor tan t  calc-alkaline magmat i sm related to a 
subduc t ion  and collision episode east of the suture 
in the Tuareg shield [5,6]. By contrast,  the Tadhak  
province is located on the eastern edge of the 
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West  Afr ican craton stabilized in the Eburnean  
(2000 Ma ago) with no pre-Permian sedimentary 
cover in this area (Fig. 2) [7]. 

Petrographically [2,7], the Tadhak  complex is 
composed of four main  units. These are concentri-  
cally disposed (Fig. 2) and consist of: (1) an outer 
f ine-grained nephel ine syenite with steeply in- 
ward-dipping flow structures; (2) a leucocratic 
nephel ine  syenite; (3) a lenticular  uni t  of nephe-  
line melteigite grading to a nephel ine ijolite, with 
enclaves of pyroxenites displaying cumulate  tex- 
tures. Gl immer i te  is also present;  (4) an inner  
foyaitic nephel ine  syenite. These units  are cut by 
numerous  foyaite and t inguaite dykes while the 
complex is cut by a small satellite r ing-complex in 
the east. 

The geological setting of the Tadhak complex, 
whose l i thology and  Pe rmian  age cont ras t  
markedly  with the 2000 Ma old basement  
(Eburnean  gneisses and granitoids [7]) represents a 
very good si tuat ion to try to assess the na ture  of 
the source of this undersa tura ted  magma. Indeed, 
al though a mant le  origin is consistent  with previ- 
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Fig. 1. General sketch map showing the two palaeo-continents 
(Eburnean West African craton and Pan-African belt of 
Iforas-Ahnet) separated by the suture zone resulting from their 
collision 600 Ma ago. 

ously de te rmined  87Sr/86 Sr ini t ia l  ra t io  (0.70457 

___ 4 [2]), this la t ter  value does not  prec lude  the 
poss ib i l i ty  that  the m a g m a  had  in terac ted  with a 
R b  deple ted  lower crust. Therefore,  Pb isotopes  
have been de te rmined  to assess this poss ib i l i ty  and 
to compare  the T a d h a k  source with p resen t -day  
mant le  sources, especial ly  the suboceanic  ones, 
which have been recent ly  extensively s tudied and 
are  much  be t te r  charac ter ized  [18-21]. 

2. R e s u l t s  and  U - P b  i s o c h r o n s  

Eight samples,  covering the different  pe t ro-  
graphic  types, have been analysed for whole-rock 
Pb isotopes  compos i t ions  as well as U and  Pb 
concent ra t ions .  The  da t a  are repor ted  in Table  1 
and  Fig. 3a, b. The  range of i sotopic  var ia t ions  is 
very wide: indeed,  the 2°6pb/Z°4pb rat ios vary 
f rom 18.757 for sample  T16, a foyai te  dyke, to 
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Fig. 2. Geological map of the Tadhak alkaline ring-complex 
area after Fabre et al. [7]. (a) Tadhak ring-complex; 1 = 

nephelinic syenite with fluidal structures; 2 = hololeucocratic 
nephelinic syenite; 3 = foyaitic nephelinic syenite; 4 = 
pyroxenolite inclusion-bearing ijolite. (b) Neighbouring rocks: 
5 = Eburnean gneisses; 6 = Pan-African nappes (Proterozoic 
quartzites and Pan-African volcanosedimentary sequence); 7 = 
Permian Tesoffi graben; 8 = Mesozoic shales and sandstones. 
Absence of ornamentation represents Quaternary materials. 

26.460 for sample  T35, a pyroxenol i t e  of  the r ing 
No.  2; the 2°7pb/2°4 Pb rat ios vary  f rom 15.584 to 
16.024 and the 2°spb/2°4 Pb f rom 39.072 to 64.453. 
The concent ra t ions  of  bo th  Pb and U show also 
very big  var ia t ions ,  f rom 0.66 to 40.0 p p m  and  
f rom 0.026 to 49.4 p p m  respectively.  

The U-Pb  da t a  def ine well f i t ted U-Pb  iso- 
chrons  which moreover  yield ages in agreement  or 
near  agreement  wi th  the age de te rmined  by  the 
Rb-Sr  method.  The  different  ages ob ta ined  are: 
Rb-Sr  system: 272_+ 7 M a  [2]; 235U/2°vpb sys- 

tem: 271 _+ 32 M a  ( M S W D  = 0.3 for 8 WR,  Fig. 
3b); 238U/2°6 Pb system: 254 _+ 18 M a  ( M S W D  = 



318 

TABLE 1 

Pb isotopic composit ions and U and Pb concentrations in the Tadhak samples 

Sample 2°8Pb/2°4 Pb 2°7pb/2°4 pb 2°6 pb/2O4 pb Pb U 238U/2°4pb 235U/2°4p b 

T16 39.072 15.584 18.757 5.3 0.026 0.314 0.00228 
T29 39.827 15.607 19.161 4.54 0.99 14.1 0.103 
T35 64.453 16.024 26.460 0.66 1.35 198 1.44 
T42 40.711 15.670 19.809 4.02 1.72 28 0.206 
T48 41.380 15.779 22.249 40.0 49.4 86 0.62 
T66 39.394 15.633 19.377 8.4 2.08 16.1 0.117 
T76 39.824 15.635 19.533 5.6 1.59 18.7 0.136 
T83 41.729 15.699 20.677 7.3 5.0 47.5 0.347 
T84 39.817 15.659 19.535 

The isotopic composit ion and the concentration (isotope dilution) analyses were carried out on a Finnigan MAT 260 and TH5 mass 
spectrometers respectively. Errors on the 235U/2°4pb and 23Su/2°4pb ratios are 2% while the between-run precision is better than 
0.1% for 2°6pb/2°4pb and 2°7pb/2°4pb ratios (except for sample T35, T42 and T83 where it is 0.15%) and better than 0.15% for the 
2°8pb/Z°4pb ratios. Repeated analyses of the N BS981 Pb standard [9] give a mean mass discrimination factor of - 0 . 1  + 0.04% (25 
analyses) per a.m.u. 
2 3 5 U =  0 .98485x10-9  y a and 238U = 0.155125x10 9 y - ]  [8]. 

For a detailed description of the chemical procedure see [10]. 
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Fig. 3. (a) 238U-2°6pb and (b) 235U-2°7pb isochron diagrams 
for Tadhak ring-complex. • = unit 1; • = unit 2; • = unit 3; 

= late dykes. 

7.3 for 8 WR, Fig. 3a). These ages and 2o errors 
were calculated following the Williamson method 
[11]. The errors of t h e  2 3 8 u / Z ° 6 p b  system were 
multiplied by VMSWD to take into account its 
higher MSWD value, which must only reflect slight 
and recent perturbations as the 2 3 5 u - Z ° 7 p b  system 
does not appear to be affected. The omission for 
the fitting of the U-Pb isochrons of sample T35, 
with a very high U / P b  ratio, has no influence 
either on the ages or on the initial ratios defined 
by these isochrons. The great scatter of the U / P b  
ratios reflects in fact large relative variations, at 
low concentration levels, of both U and Pb. Con- 
sidering now the Pb-Pb system, the slope of the 
best-fit line on the nine samples corresponds to an 
age of .~.ztlzl+280_ 304 Ma (MSWD = 0.5). The large er- 
rors reflect the small spread o f  2°7pb/2°4 Pb ratios 
in relatively young rocks and account for the poor 
reliability of this age. However, within error limits, 
this age is in agreement with the age determined 
by the other systems. This confirms the poor 
applicability of the Pb-Pb method for Phanerozoic 
rocks. 

Although the 232Th-Z°Spb system has yielded 
good isochrons from rocks as old and older than 
2000 Ma [12-14], it is unusual for the U-Pb 
systems to provide convincing results because of 
the uranium mobility of U in surface or sub- 
surface conditions [12]. With the exception of very 
few cases where U-Pb isochrons of two or three 



points on old carbonate rocks were obtained [15], 
it has usually been possible to define U-Pb iso- 
chrons only by omitting discrepant samples on the 
basis of Pb-Pb or other geochronological data 
[16,17]. In contrast to these studies, the existence 
of U-Pb isochrons in the Tadhak complex requires 
an unusual immobility of U (and Pb) for the 
post-emplacement history of this complex. 

Two complementary and additional factors 
could account for the exceptional case of the 
Tadhak: (1) the absence of strong oxidizing condi- 
tions due to arid climatic conditions a n d / o r  sedi- 
ment protection; and (2) the very low U con- 
centrations ( <  2 ppm for the majority of the sam- 
ples), probably located in weathering-resistant 
minerals. 

3. Initial ratios--inferences coneemlng the sub- 
continental mantle 

U-Pb isochrons also provide precise Pb initial 
ratios and these will greatly help to define the 
source characteristics of the Permian igneous 
province. Usually, these ratios have to be defined 
by indirect and less reliable methods, such as the 
analysis of comagmatic U-poor phases (K-felds- 
par for instance), whereas here they have been 
obtained directly. 

The respective values for the 2°6pb/2°4 Pb and 
2°7pb/2°4 Pb ratios for the Permian time of crys- 
tallization are: 18.714 _+ 0.070 and 15.589 +_ 0.016. 
To allow a comparison of these ratios with those 
of recent mantle derived rocks, we have calculated 
the change due to in situ U decay in the source 
from Permian (270 Ma) to present. Considering/z 
values for the source between 7 and 9 (broad 
range of mantle values), the correction affects only 
slightly the ratios (the relative changes are 
0.299-0.385 for the  2°6pb/Z°4pb ratio and 
0.015-0.020 for the 2°7Pb/=°4 Pb ratio). Even con- 
sidering a higher t~ value, as 14, which corre- 
sponds to sample T29 (the plutonic sample which 
has the lowest # value), the increase is only 0.604 
and 0.031 for the 2°6pb/Z°4pb and 2°7pb/Z°4pb 
ratios respectively. This maximum change is shown 
by the arrow in Fig. 4a. In the same way, the 
maximum correction for 8v Rb decay in the source 
has been based on sample T29 (Fig. 4b). The 
comparison of the Tadhak data with those from 
recent mantle-derived rocks is shown on the same 
figures. 
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Fig. 4. Comparison with MORB and OIB data [19-21] and 
with continental alkali basahs from the Ahaggar volcanic suite 
[26]. The Tadhak initial ratio (270 Ma ago) is shown by a black 
square while the arrow r e p r e s e n t s  t h e  correction for in situ U 
decay in the source magma considered as a maximum for t h e  

Permian age (see t e x t  for explanation). NHRL:  northern hemi- 
sphere reference line [21]. AH: Ahaggar; AM: Amsterdam; 
AS: Ascension; AZ: Azores; B: Bouvet; C: Canaries; CV: 

Cape Verde; E: Easter Island; GA: Galapagos; GO: Gough; 
H: Hawaii; 1C: Iceland; K: Kerguelen; M: Marquesas; SH: 
St. Helena; SP: St. Paul; T: Tristan da Cunha; TA: Tahiti; 
TU: Tubuai. Ridges: AR: Atlantic; IR: Indian; PR: Pacific. 
(a) 2°Tpb/e°apb versus 2°~Pb/2°4Pb diagram. (b) 87Sr/86Sr 
versus 2°6pb/2°4pb diagram. 

The Tadhak initial Pb and Sr ratios fall in the 
field of modem oceanic island basalts (OIB) 
[20,21]. More precisely, the Tadhak Pb isotopic 
compositions lie above the N H R L  (northern 
hemisphere reference line [21]) and typically within 
the field of South Atlantic and South Indian is- 
lands. There are two ways to account for the Pb 
and Sr ratios: either the primary magma had 
originated in a mantle with North Atlantic OIB 
characteristics and has been contaminated by up- 
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per crust or, these compositions are pristine and 
reflect the mantle source. In both cases, there are 
implications for the mantle structure under the 
continents. 

First of all, let us stress that any significant 
contamination by the West African craton (2000 
Ma old) would have had important effects on Pb 
ratios, particularly on 2°vpb/2°4pb ratios which 
are very sensitive to old continental crust con- 
tamination (the only terrestrial reservoir showing 
large 2°vpb/2°4 Pb variations). This would be par- 
ticularly evident in the case of the Tadhak rocks 
which have relatively low lead contents. The ra- 
diogenic composition of the Tadhak Pb isotopes 
excludes a lower crust contamination. Only an 
upper crust derived material could be an adequate 
contaminant for the Pb and Sr isotopes but ap- 
pears unlikely for three reasons: firstly, the Tadhak 
rocks are undersaturated (from 45 to 55% SiO 2, H. 
Bertrand, personal communication), which pro- 
hibits an important  contamination by silicic crust; 
secondly, the emplacement of this kind of com- 
plex is usually very rapid [22], which is not 
favourable to important  interaction with country 
rocks during ascent; thirdly, basement gneissic 
inclusions are very rare. The oversaturated al- 
kaline province of Iforas is partly represented by 
high-level ring-complexes which have intruded the 
Trans-Saharan Pan-African belt just after the 
orogen [5,6] i.e. in a hot and wet environment. 
Nevertheless, Weis et al. [23] can conclude on an 
oxygen isotopes basis, that upper crustal con- 
tamination is limited to ring contact zones. It is 
then not surprising that in an old, cold and dry 
basement, the undersaturated Adrar Tadhak has 
not suffered any contamination by upper crust 
[24]. 

Moreover, the Tadhak isotopic compositions 
are situated in the same relative position with 
regard to the different islands in both Pb-Pb and 
Pb-Sr diagrams (Fig. 4): between Kerguelen, Tris- 
tan and Gough islands on the one hand and 
Bouvet, Ascension, Canaries, Azores and St. 
Helena islands on the other. An upper crust con- 
tamination of an Atlantic MORB would have 
little chance to produce this concordance. 

The absence of crustal contamination implies 
that the Tadhak Pb and Sr isotopic characteristics 
are representative of its mantle source region. 
Although currently situated in the northern hemi- 

sphere (20 o 30' N), these characteristics are entirely 
comparable to those observed for rocks derived 
from the southern hemisphere-type mantle, the 
so-called "Dupa l "  mantle [21,25]. This is the main 
difference with the recent Ahaggar alkali basalts 
which have a North Atlantic mantle signature [26] 
(Fig. 4). However, taking into account palaeo- 
magnetic reconstructions of Pangea for Permian 
times [27-30] (Fig. 5), we can see that the Tadhak 
area was situated at a latitude of about 15°S, 
undoubtly in the southern hemisphere. In fact, 
West Africa has jumped the Dupal boundary be- 
tween Permian and Quaternary. 

We conclude then from our data that: 
- - t h e  mantle which is the source of alkaline 

magmas, no matter their outcropping environ- 
ment, has the same geochemical characteristics, 
particularly a similar range of heterogeneities, un- 
der the continents as under the ocean basins. This 
supports the view of previous workers on con- 
tinental mantle derived alkaline rocks [26,31,32]. 

- - t h e  Dupal anomaly has existed at least for 
270 Ma and is apparently anchored in the south- 
ern hemisphere. It is then clearly not related to 
plate motion. 

This last point implies that the lithosphere can- 
not be the source of alkaline magmas. Fitton and 

'~,,_.'44~ " I~,\ " / T A D H A K  

Fig. 5. Proposed reconstruction for Pangaea in the Permian 
times by Westphal [30]. It is a Transverse Mercator Projection. 
Parallels and meridians are drawn every 30°.  The Tadhak 
Province is clearly located in the southern hemisphere at this 
epoch. 



Dunlop [33] arrive at the same conclusion on the 
basis of their study of the alkaline volcanoes for- 
ming the Cameroon line which runs from the 
African continent into the Atlantic Ocean. Indeed, 
there is no change, either in geochemical or in 
isotopic signatures of these volcanic rocks, when 
crossing the limit between these two environ- 
ments. On the other hand, the structure of the 
lithosphere and reactivation of lithospheric faults 
determine the loci of alkaline magmatism [34,35]. 
The Tadhak province is located along the Pan- 
African palaeo-suture between the West African 
craton and the Tuareg shield and its age corre- 
sponds to an important rifting episode within the 
Gondwana and European plates (Oslo, North Sea, 
Midland valley of Scotland). This implies that the 
source is not much deeper than the base of the 
lithosphere, i.e. the asthenosphere, as already pro- 
posed for the 550 Ma old Iforas alkaline rocks 
[6,36]. As the asthenosphere can also be an inter- 
mediate reservoir, even if a long-lived one, this 
inference is not in conflict with a deeper mantle 
primary origin for OIB-type magmas as implied 
by several models including recycling of oceanic 
crust and sediments or continental lithosphere at 
great depth [37-40]. We want to stress that these 
deep mantle manifestations cannot be tapped 
without lithospheric sollicitation [34] and there- 
fore that the asthenosphere must be an important 
reservoir for alkaline magmas. 

4. Conclusions 

This isotopic study shows that alkaline ring- 
complexes may yield important information on 
the nature of the subcontinental mantle, for which 
at the moment there are few published data. In the 
present case we find interesting that mantle 
material with similar geochemical characteristics 
sampled today by the South Atlantic volcanoes 
("Dupal"  mantle) was already available beneath 
West Africa in Permian times when the latter was 
located in the southern hemisphere. Although 
within-plate alkaline complexes may occur either 
in continental or oceanic environments as in the 
case of Kerguelen archipelago [41], they seem to 
constitute a single family with a common mantle 
origin, minor variations being due to heterogeneity 
in the asthenosphere, major variants reflecting 
mainly different proportions of crustal participa- 
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tion [22]: the continental Tadhak complex may be 
considered as a typical pure mantle product, in 
contrast to the Nigerian Younger Granite Prov- 
ince [42] which displays important crustal interac- 
tion. In view of the wide range in age of alkaline 
ring-complexes, from 2000 Ma [43,44] to recent 
[45], further detailed isotopic investigations of well 
selected examples should throw light on variations 
of mantle composition with time. 
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