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ABSTRACT

Liégeois, J.P., Claessens, W., Camara, D. and Klerkx, J., 1991. Short-lived Eburnian orogeny in southern Mali. Geology,
tectonics, U-Pb and Rb-Sr geochronology. Precambrian Res., 50: 111-136.

This work is based on a comprehensive field survey, including mapping of the Massigui degree sheet in southern Mali.
The investigated area belongs to the northern part of the Man shield which is mainly composed of Lower Proterozoic
volcano-sedimentary sequences (Birimian) and of large areas of granitoids, the whole being affected by the Eburnian
orogeny.

Structural and geochronological (U-Pb and Rb-Sr) results from this study point to a short period of time ( ~30 Ma)
for the Eburnian orogenesis between 2100 and 2070 Ma, the events recorded later (1984 + 30 Ma) being due to tectonic
reactivations. On the other hand, no trace of events older than 2100 Ma have been found. Coupled with geochemical and
Rb-Sr isotopic systematics, this leads to invoke a fundamental link between Birimian volcanics and Eburnian granitoids,
both being high-K calc-alkaline in composition and coming from a single, evolving mantle source in a palaeo-environment
which has some of the characteristics of modern subduction (including back-arc) or docking zones.

The main regional structure of the area strikes roughly NNE-SSW with an important strike-slip component, escorted by
a greenschist metamorphism. The deformation is the most intense in the N40° to N10° 5 km large Banifin shear-zone
where metamorphism reached the lower amphibolite facies. Here one observes subvertical strong foliation, non-cylindrical
folding (locally sheath folds) and subhorizontal pencil lineations, the deformation being regionally recorded by light sub-
isoclinal folds with subvertical axes compatible with a sinistral movement.This regional shear tectonics (D»,2074+9/-8
Ma) is preceded by an isoclinal deformation (D, bracketed between 2098 =5 Ma and D,) only known as relics, from
which it likely derived. A later phase (D;) occurred along the Banifin shear belt, at a more superficial level, even if still
ductile, generated by a dextral movement and having induced retrograde metamorphism. This last tectonic phase, which
is not accompanied by plutonism nor volcanism, has been dated at 1982+ 30 Ma, being responsible for the complete
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resetting of the Rb-Sr isotopic system in the plutons present in the Banifin corridor.

Introduction

The West African craton has been stable
since the end of Early Proterozoic, not much
after 2 Ga. It is surrounded by Pan-African
belts [Trans-Saharian, Mauritanides (reacti-
vated during Variscan orogeny), Rockellides,
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Fig. 1], its southern boundary being in fact in
South America (Lesquer et al., 1984; Hurley et
al., 1967). Its central part is covered by a huge
cratonic basin (Taoudenni) whose sediments
display ages from 1 Ga to Carboniferous, for
the essential.

Two shields crop out to the north and to the
south of this basin, Reguibat and Man, respec-
tively, with two small inliers in a central west
position, Kayes and Kenieba. The western
parts of the shields are composed of Archaean
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Fig. 1. Schematic map of major Precambrian units of the West African craton overthrusted on its edges by the Pan-African

belts (Black, 1980). I =Archaean (?) of the Kasila Group. 2=

Lower Proterozoic, Marampa Group. 3= Upper Protero-

zoic, Rockell Group. 4=Metamorphosed undifferentiated Precambrian and Lower Palaeozoic. 5=Archaean. 6 =Lower

Proterozoic (including the Birimian). 7=Middle (?) Protero

zoic including the Tarkwaian and Guelb el Hadid Groups.

8= Upper Proterozoic of the Taoudenni basin and the Togo belt. 9=Late Precambrian and Cambrian (?) of the Taou-

denni and Volta basins. /0=Upper Voltaian. // = Archaean.

12=Polycyclic basement of the Tuareg shield. /3=Upper

Proterozoic (Pharusian). /4= Ahnet Purple series. /5=Undifferentiated Upper (?) Proterozoic. /6 =Tiririne Group.

rocks practically unaffected by later events,
whereas to the east the essential imprints are
of Lower Proterozoic age. In Man, the bound-
ary between these two domains is not defi-
nitely known, but is traditionally associated
with the Sassandra-Mt Trou faults.

The Lower Proterozoic domain (Fig. 2) is
often referred to as Baoule-Mossi domain in
the Man shield (Fig. 1). Classically, it is com-

posed of volcano-sedimentary sequences,
called Birimian, and of large areas of grani-
toids, the whole being affected by the Ebur-
nian orogeny. More recently, Lemoine et al.
(1986) have suggested the existence of two
successive cycles, the Burkinian deformation
affecting the Dabakalian series followed by de-
position of the Birimian, the whole being
folded by the Eburnian episode. Unfortu-
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Fig. 2. Geological map of the studied area, located in Mali (inset). The quartzwackes in the northwestern part of the area
(around Sanso and to the west) belong to the Kekoro~Bougouni unit while the major part of the metasediments (west of

the batholith) belongs to the Bagoe unit.

nately this is based on geochronological data the Eburnian.

not yet published. In fact, the classical long- The axes of this study were, on the basis of
lasting Eburnian period (2400-1600 Ma, Bes- precise field data, to decipher the succession of
soles, 1977) cannot correspond to one oroge- events which occurred in southern Mali, to set-

nesis and one must define the real duration of tle them in time with accurate radiochronol-
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ogical data, to know the relationships between
plutonic and volcanic rocks and finally to rough
out a geodynamical palaeo-environment.

Lithologies

The studied area is situated to the north of
the Man shield in southern Mali between 5°
and 7°E and 11° and 12°N. Except the north-
eastern part which belongs to the Taoudenni
basin, it is located in the Lower Proterozoic
domain. The latter comprises essentially a vol-
cano-sedimentary domain which is intruded by
several intrusions, with a huge granitic
batholith.

The volcano-sedimentary group

Two volcano-sedimentary series are present
in the Massigui degree sheet, separated by an
important intrusive unit (Fig. 2):

— a small area in the northwest composed of
quartzites which belong to the Kekoro-Bou-
gouni unit (Spindler, 1952);

— a series present in all the southeastern part of
the studied area and which constitutes the
northern part of the Bagoe unit (Bassot et al.,
1981). It is composed of acid to intermediate
volcanic rocks with rare basalts and of meta-
sedimentary rocks (quartzwackes and shales).
No unconformity on an older basement has
been found.

The Bagoe series is a NNE-SSW supracrus-
tal belt which extends in Ivory Coast for sev-
eral hundreds of kilometres and which disap-
pears to the north under the Taoudenni basin.
It comprises three lithological units: the east-
ern part is composed of shales, the western part
by metavolcanics and the centre by quartz-
wackes (Fig. 2). The boundaries are progres-
sive even the western limit of the quartz-
wackes where intercalations of lavas appear
progressively, becoming more and more abun-
dant to the west.
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The shales: a pelitic formation with gold-
bearing dykes

The eastern part of our area crops out very
badly. Only outcrops of shales have been found
but intercalations of quartzwackes and small
bodies of intrusive rocks probably exist as
shown by their presence as float.

These shales have been metamorphosed in
the greenschist facies and are essentially com-
posed of two rock types. The first is a gray ser-
icito-schist with a well-developed cleavage
while the second is ferruginous and more
compact.

Characteristic for this formation is the pres-
ence of siliceous rocks. Generally they appear
as dykes associated in stockwork, but in the
south (Tingrela area) exist subvertical jasper
bands, discontinuous and metric to decame-
tric in width. Gold anomalies are spatially re-
lated to these siliceous formations, dykes or
jaspers. Some of these jaspers are associated
with basalts and pillow lavas (Diallo and Kus-
nir, 1985); a part of the shale formation could
then be of volcano-sedimentary origin (tuffs).

To the east, this sequence grades to a heter-
ogeneous formation composed of polygenic
conglomerates, quartzites and volcanic brec-
cias. It is not clear if this formation belongs to
the Birimian (Bassot et al.,, 1981) or is
younger, i.e., Tarkwaian (Diallo and Kusnir,
1985), as no contact has been seen.

The quartzwackes: an immature series

To the west, the volcano-sedimentary series
become progressively less pelitic and more sil-
iceous. Some volcanic intercalations, essen-
tially porphyritic basalts, become more abun-
dant westward. Petrographically, the dominant
facies is composed of impure sandstones or
quartzwackes following the classification of
Dott (1964). Composed of 30 to 60% of a ma-
trix composed of micas and quartz, they com-
prise fragments essentially of quartz (around
90% ) but also lithic (10%) and very minor de-
trital feldspars. Some rocks in minor amount
could be qualified as graywackes.
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Within this lithology crops out also con-
glomerates and quartz-bearing shales. This se-
ries shows sedimentary structures, the stratifi-
cation being generally subvertical. Younging
deductions are not easy but it seems that the
bottom of the basin is to the east, the volcanics
being then younger, which is in agreement with
data from eastern Senegal (Ledru et al., 1989).
We must not forget however that the appan-
tion of volcanics is progressive and conse-
quently that there is no major break between
sediments and volcanics.

The volcanics: an intermediate series

As for the transition shales—quartzwackes,
the transition quartzwackes—volcanics is pro-
gressive. The volcanics predominate in the
Diele-Tiefala-Kolondieba axis (Fig. 2). They
have variable compositions but intermediate
compositions prevail, essentially rhyodacites
and andesites, even if rhyolites and basalts are
also present. To the north, volcanic breccias
and agglomerates are abundant. The mineral-
ogy of these volcanics is characteristic of the
greenschist facies.

The intrusive complex

"Two groups of intrusives have been distin-
guished. The first one is essentially of inter-
mediate composition and situated in or near
the Banifin corridor while the second is of
granitic composition and extends just west of
the Banifin tectonic area (Fig. 2).

The intrusive nature of the granitoids is at-
tested by the presence among the enclaves of
volcanic and volcano-sedimentary material
typical of the Birimian volcano-sedimentary
group.

The plutons of intermediate composition

This unit comprises two important plutons
(Sodioula and Diele) trending N-S in the
Banifin corridor and two smaller plutons, Koue
and Pankourou respectively cropping out east
and west of Banifin (Fig. 2).
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Their compositions vary from quartz-dior-
ite through quartz-monzodiorite to granodior-
ite; granite compositions are very scarce. Pet-
rographically, undeformed Sodioula-type rocks
show a granoblastic assemblage of plagioclase,
microcline, quartz, hornblende and biotite.
Partially amphibolitized clinopyroxene is
sometimes present. The rocks of this group
have generally a fine and equigranular texture,
except Diele which often presents a coarse-
grained and porphyritic texture. Diele is also
conspicuous for the numerous pegmatitic and
aplitic dykes which cut it essentially following
a NNE-SSW trend.

The granitic batholiths

The granite compositions grade from bio-
tite-rich monzogranite to potassic leucogran-
ite. These rocks show a foliation only locally
and often near contacts. The latter are irregu-
lar and frequently constituted of migmatites
and agmatites, both grading to quartzo-feld-
spathic dyke networks intruded into the vol-
cano-sedimentary units following the schistos-
ity planes.

The predominant enclaves are of basic com-
position. They are mainly concentrated in some
areas of the pluton where it can appear as a hy-
brid body. There, the foliation is often well-
marked and the enclaves are much elongated
and look like schlieren. This suggests that these
areas could be the border of pulses where the
combination of tectonics and magmatic con-
vection has allowed the rise of more mafic
rocks, which could be the magmatic precursors
of the granitoids. This implies that these gran-
itoids are subcontemporaneous to the
deformation.

The small number of outcrops has only al-
lowed a rough mapping of the granitoids. Two
main rock types have been recognized: (1) a
rather homogeneous potassic pink leucogran-
ite (Massigui type); (2) a group of various
biotite granites (Doubalakoro type).

The principal varieties of the Doubalakoro
type vary from a fine- to medium-grained bio-
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tite-rich granite which approaches a grano-
diorite to a biotite-poor and K-feldspar-rich
granite which approaches the Massigui-type
granite. The Massigui granite has been distin-
guished because of its greater homogeneity and
because it extends over a large area (half of the
granite surface, in two plutons; Fig. 2). As
Doubalakoro pendants are present in the Mas-
sigui pluton, the latter postdates the former.
Granodiorites, quartz-diorites and diorites
are associated with the granites. They appear
most frequently as enclaves but they can some-
times form small plutons. However, the asso-
ciation of this large variety of rock types from
diorites to potassic leucogranites through
granodiorites, monzogranites and syenogran-
ites indicates a fairly complete magmatic suite.

Metamorphism

Except in the Banifin shear belt, the meta-
morphic parageneses observed in the sedimen-
tary and in the volcanic sequences are homo-
geneous: quartz-biotite-albite- (epidote~
chlorite) in the quartzwackes, quartz-albite-
biotite—epidote-(actinolite-chlorite) in the
acid volcanics and actinote-epidote-albite-
biotite- (quartz—chlorite) in the basic volcan-
ics. They are characteristic of the transition
between the chlorite and the biotite zone of the
greenschist facies. These metamorphic min-
erals are fine-grained and granoblastic. No
porphyroblasts have been observed. The phyl-
losilicates and the amphiboles are oriented and
mark the schistosity which indicates the syn-
tectonic character of this regional meta-
morphism.

In the Banifin band, along the granitic bath-
olith, the metamorphism, as well as the defor-
mation, is more intense, the mineral assem-
blages being characteristic of the lower
amphibolite facies. It is not clear if this higher
metamorphism is connected to the proximity
of the batholith as in eastern Senegal (Ndiaye
et al., 1989) or to the greater intensity of the
deformation, both causes being probably
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linked. Some of the samples show a retrograde
metamorphism in the greenschist facies (re-
cristallisation of amphibole and biotite as epi-
dote, sphene and chlorite ) associated with ca-
taclasis at the border of phenocrysts,
phenomena linked to the polyphase character
of the Banifin band and the circulation of fluids
(see below).

Tectonics
Regional structure

The general NNE-SSW trend of the Bagoe
unit corresponds to the general orientation of
Birimian basins (‘“‘sillons”) of the Baoule-
Mossi domain. However, in the north of the
studied area, the volcano-sedimentary se-
quences, as well as the Massigui pluton, swing
progressively to the N and NNW. To the west,
the Kekoro-Bougouni unit has a similar shape.

The volcano-sedimentary sequences show a
subvertical schistosity oriented NO° to N40°,
parallel to the regional structure, well-devel-
oped in the pelitic rocks and moderately to
weakly developed in the arenaceous or vol-
canic lithologies. This schistosity is sometimes
parallel to the sedimentary bedding but more
often it is slightly oblique to it, the intersection
lineation being subvertical or at least with a
steep plunge, indicating decametric to hecto-
metric tight folds with steep axis. This regional
schistosity cuts in some places an older folia-
tion always parallel to the bedding which can
be related to a first isoclinal tectonic phase. The
poor number of good outcrops do not allow a
detailed study of the structure and to know if
there has been tectonic thickening during this
first event. This phase can perhaps be corre-
lated to the regional phase described by Ndiaye
et al. (1989), which has the same char-
acteristics.

Narrow subvertical shear-zones have been
observed in the pelitic facies where they dis-
play subhorizontal movements along a well-
developed schistosity as shown by the sub-hor-
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izontal stretching lineation and the local oc-
currence of assymetric folds with subvertical
axes. The adjacent and less affected quartz-
wacke layers are often characterized by exten-
sional cracks sometimes sigmoidal and gener-
ally filled by quartz. Sinistral sense of
movements is deduced from the fold patterns,
whereas dextral sense is indicated by the ten-
sion gashes. It will be shown hereafter that these
two senses of movement are related to two suc-
cessive events (D, and D;) separated by 100
Ma. The similarity between the assymetric
folds structure in the discrete shear-zones and
the tight sub-isoclinal folding on a regional
scale leads to invoke a single tectonic event.
This second tectonic phase is then related to a
regional sinistral strike-slip regional mecha-
nism whilst the first regional tectonics is poorly
known, its main characteristic being that the
schistosity is always parallel to the bedding.

The Banifin shear belt

The Banifin shear belt is a NNE-SSW sub-
vertical shear-zone 5 km large. It was identi-
fied for the first time by an aeromagnetic sur-
vey (Barinkov and Novikov, 1966) and
studied later during strategic prospecting by the
BRGM and the DNGM (Buchstein et al.,
1974). In Mali, it extends over 100 km from
the Ivory Coast border to the Taoudenni basin
where it disappears beneath the Upper Proter-
ozoic cover (Fig. 2). To the south, the Banifin
shear zone possibly joins the Sassandra-Mt
Trou major shear zone (Fig. 1).

In the studied area, the Banifin shear zone
stretches roughly between the Massigui-
Doubalakoro granitic batholith and the Bagoé
unit which is in this area essentially of volcanic
composition (Fig. 2). The elongated plutons
of intermediate composition, Sodioula and
Diélé occur in this zone of intense deforma-
tion and often display, particularly the former,
well-oriented rock fabrics.

In the volcano-sedimentary sequence, the
foliation, always in subvertical position, is lo-
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cally folded in decimetric to decametric folds,
with steep axis (60° to 80°) and non-cylindri-
cal character which is also characteristic of the
Comoé Series in eastern Ivory Coast (Vidal,
1987). The schistosity plane is frequently
marked by a stretching lineation roughly per-
pendicular to the fold axis and showing sub-
horizontal (Tefiala area) or oblique (30° to
40° SSE, Kolondieba area) directions. Some
of the fold structures give evidence for sinistral
subhorizontal to oblique slip. In strongly fol-
iated zones, subhorizontal sheath folds have
been observed. The schistosity is essentially
marked by biotite and amphibole which swing
around feldspathic and lithic clasts.

A later phase is materialized by extensional
cracks mostly filled by quartz appearing lo-
cally in the more competent lithologies. Their
orientations, in opposition to the fold struc-
tures, suggest dextral movement of the shear.
In the area between Tiéfala and Kolondiéba,
occur subvertical pegmatitic veins, showing the
same directions as the above mentioned cracks.
Their emplacement can be linked to the retro-
grade metamorphism and cataclasis occurring
in the Banifin corridor and imply then the po-
lyphase character of the latter. This last event
has been called D; deformation.

In the plutons of intermediate composition,
the Banifin deformation event is characterized
by a variable intensity, stronger in Sodioula
than in Diélé. Sodioula is generally marked by
a penetrative subhorizontal pencil lineation
oriented NO° to N25°, whereas Diélé records
discrete subvertical bands where the shear is
intense and comparable to Sodioula between
zones only slightly affected. In the eastern part
of the Diélé pluton, the numerous pegmatitic
dykes are oriented N20°E which probably cor-
respond to zones of weakness created by the
late reactivation of the shear. On the whole in
Sodioula and in the deformed parts of Diél¢,
the rock textures are clearly mylonitic but show
that the strain intensity has varied consider-
ably laterally. This mylonitisation consists of
partially granulated and twisted feldspars and
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of recrystallised quartz (“mortar structure”)
in elongated zones underlined by biotite and
sericite schlieren which deviate around por-
phyroclastic augen. Less affected rocks show
sometimes that the mylonitisation is superim-
posed on an original granoblastic oriented tex-
ture. This superposition can be seen, but rarely
well, on some outcrops.

In summary, both plutonites and volcanites
in the Banifin shear belt display two deforma-
tion events: (1) The first one occurred in duc-
tile conditions and is assumed to fit in a NNE-
SSW shear regime of sinitral sense; it has
evolved in amphibolite facies metamorphic
conditions. The oriented magmatic texture and
the elongated shapes of the granodiocitic in-
trusives suggest a syn- to late-tectonic em-
placement relatively to this phase. (2) A sec-
ond phase, which, when present, most often
obliterates the first one, but which can be
sometimes seen as superimposed, is also char-
acterized by a shear regime and affects partic-
ularly the Sodioula pluton. A greenschist retro-
grade metamorphism is contemporaneous.
Subhorizontal movements along subvertical
planes are likely and extensional cracks indi-
cate a dextral slip during this second event.

During the first shearing phase, the Banifin
corridor acted in fact as a zone of maximum
intensity of shear, roughly situated at the con-
tact between the granitic batholith and the vol-
cano-sedimentary sequences. We are dealing
with an important shear zone, with strong fol-
iation, local intense folding and the occurrence
of sheath folds whose intensity decreases rap-
idly to the east creating tight subisoclinal fold-
ing with subvertical axis on a regional scale
(Fig. 3). This last fact requires that the vol-
cano-sedimentary beds were sufficiently in-
clined before folding and is incompatible with
a simple basin configuration. This can perhaps
be linked to the existence of the older isoclinal
phase which could be an early stage of the same
phase. More work, probably in other regions
where this D, phase will better appear, is nec-
essary to assess t his point. To the west, the huge
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Banifin corridor

Intense foldin . .
and?o\lahcng Subisoclinal folding

{ocal sheath folds) ! Subverticataxis)

Granodiorite
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( syn - tectonic )

Granite ]
batholith
{ pre-tectonic)

Fig. 3. Schematic three-dimensional representation of the
D, deformation characteristics in the studied area. From
west to east: minor shear bands in the batholith; intense
deformation along the batholith (Banifin shear zone, sin-
istral movement) in the Birimian and the granodioritic
plutons marked by intense schistosity, pencil lineation and
sheath folds; in the major part of the Birimian, subiso-
clinal folds with subvertical axis.

granitic batholith is only locally affected by the
D, deformation and has generally an equant
texture, the batholith having reacted as a rigid
core.

Deformation in granites

Structurally, the Massigui granite has been
classified as post-tectonic (Bassot et al., 1981),
on the basis that generally it shows an isotropic
fabric. However, we consider the batholith, in-
cluding Doubalakoro, as pre- to early-tectonic
following the observation that it shows zones
with more or less intense foliation as it is also
the case in eastern Senegal (Ledru et al., 1989).
Indeed, this heterogeneous deformation in
granitoid bodies is characteristic of tectonics
with an important shear component. Saharian
areas, where outcrops are quasi-continuous,
show in a beautiful manner this heterogeneous
response of magmatic bodies submitted to
shear movements (Liégeois et al., 1987).
Moreover, in Burkina Faso, 200 km east of our
area, Legrand (1971) has demonstrated with
U-Pb on zircon datations that plutons origi-
nally considered as post-tectonic based on the
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same lack of uniform deformation, were in fact
clearly pre-tectonic (2135 Ma) relatively to the
main regional deformation (2065 Ma). The
tectonic characterization of granitoids is often
delicate (Paterson and Tobisch, 1988), but
here the evidence indicates that the batholith
1s pre-to early-tectonic with respect to D, and
may be to D, is D, and D, are two stages of the
same deformation.

Conclusions

A first isoclinal regional deformation, prob-
ably tangential (S, parallel to S, ) has affected
the volcano-sedimentary sequences but is
poorly known. For reasons of convenience, we
shall call it D, without necessarily separating it
from the next one. The main structure of the
area is due to the second regional phase (D,)
which is characterized by an important sinis-
tral shear component inducing tight folds with
subvertical axis and which was accompanied
by a regional greenschist facies. The maximum
strain intensity (intense foliation and non-cy-
lindrical folding) is reached in the Banifin
band, at the contact between the granitic bath-
olith and the volcano-sedimentary sequences,
where syn- to late-tectonic granodioritic plu-

TABLE |

U-Pb on zircon data.
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tons intruded (Fig. 3) and metamorphic grade
attained the amphibolite facies. Similar char-
acteristics have been found in Ivory Coast for
the main deformation in the Comoé unit (Vi-
dal, 1987; Vidal and Alric, 1987). Subse-
quently and apparently restricted to the Bani-
fin corridor occurred an intense reactivation
(D) of the shear at a higher structural level in
low greenschist facies conditions.

Geochronology
Analytical techniques

The measurements have been done on a Fin-
nigan MAT 260 thermal ionisation mass
spectrometer.

Rb-Sr: After acid dissolution of the sample and
Sr separation on ion-exchange resin, Sr iso-
topic composition is measured on Re double
filament. The 37Sr/®Sr of NBS987 standard
(normalized to ¥Sr/*¢Sr=0.1198) during the
course of this study was 0.710221+0.000019.
The ages have been calculated following Wil-
liamson (1968) and all the errors are given at
the 2olevel. Used ¥’Rb disintegration constant
is 1.42x 10~ '" a—! (Steiger and Jiger, 1977).
Rb and Sr concentrations have been measured

Sample fraction U Pb* 206pp /204pp 206ppy* /238 207pp* /235y 207pp* /206phy*
(ppm) (ppm)
CWT714a (Tin Fouga rhyo-dacite)
3°M/ 63-106 um 622 167 1298+ 6 0.2260 3.9157 0.12563
1°M/100-150 um 446 122 2193+44 0.2338 4,1296 0.12809
—1°M/ 63-100 um 382 131 3218185 0.2951 5.2306 0.12854
—3°M/ 63-250 um 311 119 3716 +27 0.3307 5.8883 0.12912
CW71la (Sodioula granodiorite)
—1°M/ 63-100 um 446 144 1454+ 11 0.2964 5.2049 0.12734
—~3°M/100-150 um 472 157 1946+ 5 0.3074 5.4155 0.12776
—-5°M/ 63-100 um 325 119 2224+12 0.3350 5.9043 0.12781

M =magnetic; the negative sign ( — ) signifies that the zircon fraction is diamagnetic. The sign (*) indicates radiogenic part of
the considered isotope. Errors on U and Pb concentrations and then on 2°7Pb*/2**U and on 2°°Pb* /238U ratios are less than 1%.
Error on *’Pb/?°°Pb ratio, depending on the knowledge of isotope fractionation, is less than 0.1%; between-run errors are typi-

cally ten times better.
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by X-ray fluorescence. The error on the Rb/Sr
ratio is less than 2% when concentration of
both elements are above 30 ppm.

U-Pb: The method is derived from that of
Krogh (1973) modified by Lancelot (1975).
Zircon is classically separated by shake table,
heavy liquids, Frantz isodynamic magnetic
separator, following their size and finally by
hand-picking under binocular. After dissolu-
tion of 2 to 5 mg pure and homogeneous zircon
fraction, aliquots are taken for composition
and concentration, the latter being mixed with
204Pb enriched spike. Pb and U are separated
on ion exchange resin (Dowex 100-200) mi-
cro-columns, being eluated respectively in HCI
and H,O medium. Pb and U are measured on
Re single filament with the silica-gel technique
between 1100° and 1200°C where the frac-
tionation coefficient is known at better than
0.1% and is equal to 0.09% per a.m.u. The fol-
lowing disintegration constants were used
(Steiger and Jiger, 1977): 2¥U=9.8485%
10721 238U =1.55125x10"'°a~", The in-
tercepts with Concordia and errors have been
calculated following Ludwig (1980).

Results

Two U-Pb on zircon discordia (7 fractions,
Table 1) and five Rb-Sr isochrons (41 whole
rocks, Table 2) have been obtained.

Outside of the Banifin corridor, the volcan-
ics have given with the U-Pb method an upper
intercept of 2098 + 5 Ma and a lower intercept
of 135+18 Ma (four zircon fractions,
MSWD=0.01, Fig. 4a) and with the Rb-Sr
method an age of 2073 + 38 Ma (87Sr/%Sr ini-
tial ratio (SrIR)=0.70181=+0.00010, 7WR,
MSWD =2.50, Fig. 4b). The granitic batholith
(Massigui-Doubalakoro) has given a Rb-Sr
age of 2091 +33 Ma (SrIR =0.7021 +0.0003,
15WR, MSWD=:1.33, Fig. 4c). A small gran-
itic pluton (Sirakoro) located east of the Ban-
ifin corridor (Fig. 2) has given a younger age
of 1974+76 Ma (SrIR=0.7019+0.0016,
4WR, MSWD=0.84, Fig. 4d). Let us remark

J.P. LIEGEOISET AL.

TABLE 2

Rb-Sr on whole rock data.

Sample Rb Sr
(ppm) (ppm)

8TRb/%Sr B'SR/%*¢Sr+2¢

Tin Fouge volcanites

CW714A 216 252 2.497
CwW97 144 108 3.899
CWISIC 753 868 0.251
CW169D 179 343 1.515
CW227D 79.8 682 0.339
CW325B  11.7* 709 0.0478
CW333A 182 823 0.6406

0.77884 +0.00004
0.81800+ 0.00009
0.70942 +0.00004
0.74527+0.00007
0.71223+0.00003
0.70322+0.00003
0.72027 £ 0.00005

Doubalakoro-Massigui batholith

CWT721A 146 557 0.760
CW721B 950 706 0.389
CW721C 123 698 0.510
CW721D 105 863 0.352
CW721F 152 292 1.512
CW721G 171 245 2.030
CW7211 308 208 4.336

0.72529+0.00004
0.71377+£0.00003
0.71784+0.00003
0.71286 +0.00004
0.74780+0.00005
0.76134 +0.00005
0.8314510.00004

CW722A 528 33.2 53.053 2.27154 +£0.00006
CW715B 112 598 0.542 0.71785+0.00001
CW715C 919 704 0.378 0.71348 £0.00002
CW715E 127 232 1.590 0.74917+0.00005

CWT715F  89.9 543 0.479
CWT720A  98.6 46.2 6.291
CW720B 922 52.5 5.158
CW720C  96.4 42.0 6.768

0.71657+£0.00003
0.89922+0.00006
0.86269 1 0.00005
0.90391+0.00007

Sirakoro granitic pluton

CW724A 185 414 1.297 0.73945 +0.00009

CW724B 178 417 1.239 0.73745+0.00002
CW724C 157 162 2.824 0.78228 £0.00004
CW724D 147 55.6 7.810 0.92261+0.00008
CW724F 156 391 1.157 0.73382+0.00003
CW724G 157 421 1.082 0.73270+0.00001

Sodioula granodioritic pluton

CWT7I1A 150 489 0.889
CW7I12A 159 447 1.032
CW712B 141 517 0.790
CW712C 143 426 0.973
CW713A 212 205 3.016
CW713B 243 185 3.838
CW713C 253 197 3.753

0.72734 £0.00008
0.73179+0.00008
0.72535+0.00006
0.73069 +0.00005
0.78939 +0.00006
0.80999 +£0.00003
0.80997+0.00007

Diele granodioritic pluton

CW716A 129 498 0.751 0.72428 +0.00003
CW716C  65.6 946 0.2006  0.7081210.00004
CW717A 147 197 2.171 0.76398 +0.00003
CW717B 142 212 1.947 0.75774 +0.00006
CW717C 172 121 4.158 0.82018+0.00003

CW718D 769 780 0.2853
CW718E 77.8 740 0.417
CW719A 339 716 1.375
CW819B 142 404 1.019

0.71070+£0.00003
0.71477£0.00003
0.74219+0.00005
0.7318310.00007

Sr en Rb concentrations by XRF except (*) by isotope
dilution.
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Fig. 4. (a) U-Pb on zircon age for the Tin Fouga rhyo-dacite (sample CW714a). (b) Rb-Sr on whole rock isochron of
the Tin Fouga volcanite. (¢) Rb-Sr on whole rock isochron of the Massigui-Doubalakoro granitic batholith. (d) Rb-Sr
on whole rock isochron of the small granitic pluton of Sirakoro. (¢) U-Pb on zircon age of the Sodioula syn-tectonic
granodioritic pluton (sample CW711a). (f) Rb-Sr on whole rock isochron of the Sodioula granodioritic pluton. (g) Rb-

Sr on whole rock isochron of the Diele granodioritic pluton.

here already that all the samples of this iso-
chron come from a single complex outcrop of
only several square metres.

Inside the Banifin corridor, the Sodioula
granodioritic pluton has given with the U-Pb
method an upper intercept of 2074 +9/ —8 Ma
and a lower intercept of 81+ 75 Ma (3 zircon

fractions, MSWD=0.35, Fig. 4e) while the
Rb-Sr method has given a younger age of
1975+ 61 Ma (SrIR=0.7026+0.0011, 7WR,
MSWD=0.64, Fig. 4f). The other granodior-
itic pluton, Diélé, has given with the Rb-Sr
method an age of 1992+39 Ma (SrIR=
0.70248 +0.00026, 9WR, MSWD=0.63, Fig.
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Fig. 4. Continued.
4g}. All the results are reported in Fig. 5. Interpretation

The lower intercepts of the zircon discordia
are probably geologically meaningless and may
correspond to a continuous lead loss although
a thermal perturbation linked to Atlantic
opening cannot be definitely ruled out. More
or less recent Pb loss due to incipient weather-
ing is also possible (Black, 1987). The degree
of discordance of the zircon fractions are re-
markably correlated to their magnetism, their
U and Pb content and anti-correlated to their
206pp /204Pb ratio (Table 1).

The different ages of this study have been re-
ported in Fig. 5. The two U-Pb on zircon ages
are interpreted as emplacement ages. The So-
dioula granodiorite being syn-D,, the zircon
age (2074+9/—8 Ma) corresponds to both
the time of deformation and intrusion. The
zircon age of the Tin Fouga volcanics (2098 +5
Ma) being distinct, even within error limits,
from this age, it does not correspond to the de-
formation but to the extrusion of the volcan-
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Fig. 4. Continued.

ics. The collected sample is only weakly af-
fected by tectonics which confirms this
interpretation. As these volcanics are pre-D,,
these two zircon ages imply that D, tectonics
occurred between 2098 + 5 Ma and 2074 +9/
—8 Ma. The same age bracket can be applied
to the Massigui—Doubalakoro batholith as it is
intrusive in the volcanics and is anterior to the
granodiorites. Its Rb—Sr data (2091 =33 Ma)
is in agreement with this time interval but

could also correspond, within error limits, to
the deformation. In the same way, the Rb-Sr
age of the volcanics (2073+38 Ma) encom-
passes the age of the emplacement and of the
deformation.

These two Rb-Sr ages are distinct from the
Rb-Sr results of the three other plutons, So-
dioula (197561 Ma), Diélé (1992 +39 Ma)
and Sirakoro (1974 + 76 Ma), as shown in Fig.
5. This clearly distinct set of ages can only
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Fig. 5. Summary of the different ages obtained in this study
showing the extrusion age of the Birimian volcanics is just
older than the main Eburnian deformation followed about
100 Ma later by the Dj; tectonic reactivation, restricted to
the Banifin shear zone.

comply with an isotopic rehomogeneisation, as
we know with the U-Pb data on zircon, that
the Sodioula granodiorite emplacement age is
significantly older (2074+9/—8 Ma). This
later perturbation can easily be attributed to the
D, deformation which has strongly affected
Sodioula and Diélé plutons and not the grani-
tic batholith nor the analyzed volcanics. The
good quality of the isochrons can likely be
credited to percolation of fluids associated with
the retrograde greenschist metamorphism
present in the Banifin shear belt. Although the
Sirakoro pluton lies just outside the Banifin
corridor, its age can be attributed to the same
phenomenon as all the samples come from a
single, small, complex outcrop, a disposition
which favours the recording of a rehomoge-
neisation age.

A mean age, weighted by the errors, of the
D, deformation can be calculated with these
three Rb-Sr ages; it gives 1984 + 30 Ma, an age
which can be considered as that of the D; de-
formation in the Massigui area.

The geochronological data (Fig. 5) lead to
four important conclusions:

(1) the entire magmatism occurred during a
relatively short period of time, between 2098
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Ma and 2073 Ma, except perhaps some peg-
matites if their link with D5 can be proven. This
implies a fundamental link between the “Biri-
mian” volcanism and the “Eburnian”
plutonism.

(2) D, cannot be much older than D, (be-
tween 0 Ma and 25 Ma) which is in favour of
the interpretation of one deformation which
evolves from a tangential regime to a shear re-
gime. By opposition, the D; deformation is a
much later reactivation (around 100 Ma later)
of some D, structures whose origin can be ab-
solutely distinct from the D,-D, Eburnian
deformation.

(3) Although field observations are not un-
ambiguous, they support the idea that the vol-
canic rocks are at the top of the Birimian se-
quence. However, as the transition from the
sediments to the volcanics is progressive and
the sediments are immature, representative of
a relatively rapid sedimentation, the sedi-
ments of the area cannot be much older than
the volcanics. In fact, we would easily accept
the suggestion of Barning (1987 ) and Milesi et
al. (1987) that the sediments and the volcan-
ics are sub-contemporaneous. There is then no
evidence in the area for the existence of the so-
called Dabakalian unit and Burkinian orogeny
of Lemoine et al. (1986).

(4) The good quality of the isochrons cor-
responding to the D; deformation indicates
that Sr isotopic rehomogeneisation can occur
at a kilometric scale in greenschist facies, then
in wet conditions, during shear tectonics when
circulation of fluids is important. This last
condition is essential as volume diffusion alone
is an effective mechanism only over distances
of a few centimetres when Rb-Sr isochrons re-
sulting from a regional rehomogeneisation ac-
tually exist (Chff, 1985).

The regional or local character of this chro-
nological model needs to be assessed with
combined U-Pb on zircon and Rb-Sr on
whole-rocks or on mineral datations else-
where, but some previous data and current
studies seem to indicate that it could be re-
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gional, the different geological events being, of
course, not rigorously synchronous:

- Legrand (1971) has shown that some gran-
ites from Burkina Faso considered as post-tec-
tonic are in fact pre- or syn-tectonic, the main
Eburnian deformation being dated around
2100 Ma (Ledentetal., 1969; Legrand, 1971).
— Bassot and Caen-Vachette (1984) have al-
ready noted the possibility of tectono-meta-
morphic resetting of the Rb-Sr system because
of the existence of discrepancies between geo-
chronological and field data: similar plutons
give ages of 2045+27 Ma (Gamaye) and
1973 £33 Ma (Saraya).

— The minimum age for the intrusion of Cape
Coast granite pluton in Ghanais 2051 £45 Ma
(Agyeietal., 1987).

- In the Sassandra area, in Ivory Coast, Fey-
besse et al. (1989) arrive to the same timing as
the present authors for the Eburnian orogeny;
precise comparison is not possible as geo-
chronological data are not yet published.

— Current studies in South Mali give Rb-Sr
ages around 1950 Ma (UNDP project and Lié-
geois, in prep.) and in West Mali Rb-Sr ages
around 1950 Ma and U-Pb on zircon ages
around 2080 Ma (Klockner project and Lié-
geois, in prep.).

Ifit is confirmed that the resetting of the Rb-
Sr isotopic system occurring around 1950-
1980 Ma in some plutons is a regional phe-
nomenon, this implies that carefulness in the
interpretation of ages is necessary when only
Rb-Sr data are available (e.g. Bassot and Caen-
Vachette, 1984) particularly if they show com-
plex patterns (Toure et al., 1987) and in geo-
logical deductions as, for example, the major
break in sediment deposition between 2150 Ma
and 1970 Ma proposed by Bertrand et al.
(1989).

Geochemistry and strontium initial ratios
The samples have been analyzed (Table 3)

for the major elements (XRF and AA) and for
four trace elements (Rb, Sr, Y, Zr) by XRF in
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TABLE 3

Major and trace elements.
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Si0, Ti0O, AlLO; Fe,O; FeO MnO MgO CaO K,0 Na,O P,O; PF. Total Zr Y Sr Rb
Sodioula
CW771A 65,57 047 15.19 1.44 241 0.06 237 3.58 3.87 3.87 0.20 1.13 100.16 191 16 489 150
CW711B  65.77 045 1509 1.50 239 006 248 348 394 377 0.15 1.07 100.15 187 15 472 152
CW711C 66.32 0.47 1497 1.67 220 0.06 225 345 3.74 3.76 0.16 1.08 100.13 135 4 551 179
CW712A 70.65 0.19 14.81 1.10 0.70 0.02 0.64 145 6.19 3.59 0.12 0.72 100.18 225 11 447 159
CW712B 64.26 0.54 15.25 1.58 3.08 0.07 3.06 4.05 350 395 0.18 [1.18 100.70 203 17 517 141
CW712C 66.86 0.38 14.82 1.32 222 007 225 324 406 3.8 0.14 1.07 100.29 160 15 426 143
CW712D 67.95 0.24 1482 1.07 1.39 0.05 1.81 260 528 359 0.10 0.83 99.73 140 14 419 148
CW7I2E 66.09 047 1483 150 2.58 008 270 342 3.55 4.19 0.13 1.18 100.72 177 15 425 152
CW7I2F 6292 0.55 15.19 1.86 299 0.07 336 4.14 357 398 0.26 .18 100.07 208 16 553 150
CW7I13A 72,59 0.20 13.77 0.60 091 0.03 0.37 1.19 525 371 0.19 0.67 9948 157 11 20§ 212
CW713B 73.10 0.19 13.97 0.51 091 003 030 121 521 378 0.10 0.54 99.85 155 13 185 243
CW713C 72.23 022 1391 057 1.04 004 037 107 562 365 0.12 0.67 9951 173 12 197 252
CW221B 6570 0.47 1440 1.05 273 0.05 226 327 422 346 0.15 1.09 9888
CW345B 65.11 0.51 1446 1.49 279 0.06 2.78 3.68 3.50 4.10 0.15 1.10 99.73
CW350C 74.13 0.13 13.09 032 077 0.03 024 0.84 538 379 0.07 0.58 99.37
Diele
CW716A 6437 0.54 1571 138 294 0.08 1.60 327 397 435 022 116 9959 229 23 498 129
CW716B 58.32 1.33 16.68 264 491 011 167 476 233 458 037 1.60 9930 190 18 798 73
CW716C 56.46 1.59 16.78 298 530 0.15 227 554 196 478 0.51 141 9973 176 23 946 66
CW716D 64.68 0.56 1566 1.86 2.61 007 1.54 333 367 445 023 1.14 99.80 252 22 521 124
CW716E 64.57 0.55 1595 1.52 277 001 1.84 3.28 381 451 022 1.14 100.17 228 21 523 142
CW717A 70.74 0.25 1430 0.69 1.20 0.04 0.64 1.13 515 425 0.17 089 9945 185 17 197 147
CW717B 71.44 0.25 1440 098 093 0.04 046 1.19 508 428 0.17 0.84 100.06 198 15 212 142
CW717C 7390 0.07 13.65 044 039 002 0.17 076 496 448 0.1l 073 9968 69 12 121 172
CWT718A 55.65 1.04 16.72 3.08 458 0.11 3.77 635 2.75 4.06 0.51 1.67 100.29 232 22 833 93
CW718B 5501 1.40 16.56 438 421 0.13 284 6.08 239 460 0.68 152 99.80 212 24 873 78
CW718C 5699 091 16.68 242 570 0.13 3.19 6.71 205 3.76 0.26 [L.51 100.31 152 26 644 68
CW718D 56.11 0.81 16.95 322 424 0.11 346 6.12 254 383 026 196 99.61 195 20 780 77
CW718E 56.53 1.15 15.67 278 7.12 0.14 321 6.27 2.17 3.44 0.33 1.60 100.41 214 26 540 78
CWT719A 60.81 0.70 17.33 2.60 331 0.10 224 4.14 212 463 0.29 134 9961 244 20 716 339
CW719B 68.05 0.41 1491 139 1.87 0.06 1.11 247 431 400 0.19 089 99.66 188 19 404 142
CW87A 64.74 0.54 14.82 1.82 268 0.07 1.65 329 373 410 0.23 1.18 98.85
Doubalakoro
CW721A 67.79 043 14.64 1.12 1.84 0.05 1.56 247 419 415 0.19 0.89 9932 193 13 557 146
CW721B 56.35 0.67 1540 248 501 0.12 432 686 212 461 029 120 9943 175 20 706 95
CW721C 61.82 0.77 17.34 202 349 0.07 1.87 404 192 536 029 116 100.15 244 14 698 123
CW721D 59.12 0.62 18.32 1.81 3.14 007 274 511 191 513 024 131 99.52 245 18 863 105
CW721E 69.76 0.34 14.51 0.83 1.07 0.05 052 1.32 502 435 0.05 0.82 9863 229 18 257 162
CW721F 68.19 0.33 1533 1.35 198 006 1.34 200 413 423 0.10 1.02 100.06 226 17 292 152
CW721G 70.28 0.32 14.33 1.13 0.77 0.04 0.51 1.18 495 434 0.10 0.83 98.78 223 19 245 171
CW721H 71.81 024 13.76 0.57 092 0.02 049 124 553 357 008 093 99.16 174 14 208 307
CW7211 7197 0.25 14.12 0.57 099 0.02 046 1.19 551 345 010 093 99.56 198 15 203 305
CW722A 76.69 009 12.76 043 038 0.05 020 047 456 3.86 0.05 076 100.30 61 30 33 528
CW 41C 7095 0.22 1546 0.53 089 003 0.72 175 3.08 570 0.11 0.72 100.16
CW203A 67.59 042 1438 1.68 178 0.06 1.3¢4 280 4.13 431 0.16 0.81 99.46
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Si0, TiO, ALO; Fe,0; FeO MnO MgO CaO K,0 Na,O P,0; PF. Total Zr Y Sr Rb
Massigui
CW7I5A 51.74 0.65 14.63 289 6.11 0.17 7.50 7.77 226 3.82 024 166 99.44 148 19 540 76
CW715B 5275 0.81 14.68 207 6.10 0.13 7.61 680 3.05 228 040 200 99.68 223 21 598 112
CW715C 51.78 0.82 1518 212 632 0.4 826 7.43 273 3.14 043 1.90 10025 191 19 704 92
CW715D 58.99 0.57 1475 290 412 0.14 461 566 170 461 021 135 99.61 192 25 427 85
CW7I5E  69.71 030 1518 1.77 0.88 0.05 0.60 1.56 512 483 0.09 0.74 100.83 245 25 232 127
CW7I5F 6293 0.60 1595 226 3.3 0.07 143 415 282 415 024 1.14 99.87 256 25 543 90
CWT20A 73.07 0.17 1434 091 079 0.04 0.09 0.79 592 403 003 040 10058 223 13 46 99
CWT720B 71.61 021 1454 090 084 004 0.10 084 588 426 005 047 99.74 290 13 53 92
CW720C 7230 0.18 1425 0.75 080 0.04 008 076 6.03 409 005 040 99.73 231 11 42 96
CW 19A 70.66 0.34 1328 132 140 005 051 130 497 414 012 070 9879
CWI07A 7423 0.11 12,60 0.59 039 0.02 0.10 070 4.69 4.64 0.04 049 98.60
CWI24A 69.18 0.26 1475 135 1.15 0.04 050 1.77 576 3.90 0.12 0.69 99.47
CWI24B 6582 0.53 1574 1.91 209 006 1.02 3.13 3.07 458 024 110 99.29
CWI24C 5506 0.83 17.29 258 523 0.1 292 655 1.86 440 024 155 9862
CWI56C 7431 0.10 13.19 0.40 046 0.02 0.11 0.68 593 331 003 072 99.26
CW343A 68.08 0.24 1620 1.20 073 0.05 036 092 624 510 005 097 100.14
CW366A 77.07 0.06 12.08 0.45 029 001 006 041 521 381 002 033 99.80
Sirakoro
CW724A 70.80 0.22 1472 0.90 076 0.02 049 158 497 420 0.5 1.04 99.85 187 10 414 186
CW724B  70.42 022 1473 001 1.52 002 051 1.49 481 416 010 092 9891 205 9 417 178
CW724C  77.12 0.14 1247 058 0.16 0.01 0.13 038 650 293 003 047 10092 100 7 162 157
CW724D 76.39 0.14 12.08 0.65 0.11 001 0.10 032 636 3.38 003 035 9992 106 7 56 147
CW724F 69.12 037 1435 1.45 131 0.05 138 203 439 412 016 1.12 99.85 162 13 391 156
CW724G  70.63 0.37 1447 131 134 0.05 1.16 217 379 406 0.17 0.73 10025 146 12 421 157
Tin Fouga
CW714A 73.04 027 1337 071 1.03 004 062 1.00 7.17 221 0.12 0.68 10026 16! 15 252 216
CW 97 7477 001 1331 0.12 097 004 004 063 438 443 003 057 9930 81 9 108 144
CWISIC 62.69 0.72 14.64 281 238 0.09 1.02 542 3.07 415 035 142 9876 227 23 868 75
CWI169D 70.04 0.28 14.08 1.04 081 006 062 170 441 452 0.10 1.08 98.74 183 16 343 179
CW227C  57.33 0.62 16.01 1.00 562 0.11 437 698 239 2.78 023 227 99.71 186 {7 682 80
CW325B  54.33 0.66 1534 1.33 725 0.4 547 975 059 2.53 021 191 99.51 177 15 709 12
CW333A 58.30 0.87 17.39 1.90 3.72 0.06 1.73 532 3.06 463 035 1.36 98.69 257 23 823 182
the geochemistry unit of the MRAC (J. some granitic facies and basic inclusions.

Navez).

For the present geochemical study, three
magmatic groups have been established: (1)
the volcanites (2098 Ma), coming from the
Birimian sequences, grades from basalts to
rhyolites; (2) the batholith (2098-2073 Ma),
groups the Massigui, Doubalakoro and Sira-
koro granitic plutons containing magmatic in-
termediate or basic inclusions. No xenoliths
have been included; (3) the intermediate plu-
tons (2073 Ma), group the Sodioula and the
Diél¢ plutons, mainly granodioritic but with

The three groups lie in the high-potassic calc-
alkaline field of Peccerillo and Taylor (1976,
Fig. 6a, SiO, versus K,O). The intermediate
plutons appear to be more potassic than the
batholith in the range 63-68% SiO,. The more
acid varieties of the different groups can be rel-
atively rich in K,O (5-7%). No sodic or tron-
dhjemitic trends are found in the studied area
as described in the Mako Series in Sénégal
(Débat et al., 1984) nor tholeiitic affinities
(e.g. Fabre et al., 1987). Our granitoids and
volcanics look more like the Daléma volcano-
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plutonic complex from Sénégal (Bassot, 1987). samples being close to or, for two of them, in

The SiO, versus agpaitic index (molecular the peralkaline field. In this figure has been re-
Na+K/Al, Fig. 6b) diagram clearly shows the ported the lower limit of the Iforas alkaline

important increase of alkalies during differen- granites (agpaitic index=0.88, Liégeois and
tiation for the three groups, the most acidic Black, 1987) where the end of our calc-alka-
8
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Fig. 6. (a) SiO, versus K,O diagram (see text). (b) SiO, versus (Na+K)/Al (atomic proportion) diagram. The Iforas
alkaline granite domain represents the area where are located the post-tectonic alkaline ring-complexes of the Adrar des
Iforas (NE Mali; Liégeois and Black, 1987). This is an example showing that the more differentiated calc-alkaline granites
of South Mali have a similar major elements geochemistry to that of classic alkaline granites. (c, overleaf) SiO, versus
MgO diagram showing that plutons considered together in this study have sometimes distinctive features. A more detailed
geochemical study would take into account this observation.
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Fig. 6. Continued.

line trend lies. This alkaline affinity for the
most differentiated samples is confirmed by the
petrography of these rocks as they fall in the
alkali granite domain of Streckeisen (1974),
the felsic minerals being quartz and K-feld-
spar, with a very small amount of plagioclase.
Moreover blueish amphibole is present. In fact,
in the modal quartz-plagioclase-K-feldspar
Streckeisen diagram, the studied magmatic
suite shows a classical calc-alkaline trend be-
ginning with diorites evolving to quartz-mon-
zonites, granodiorites, monzo-granites and
syeno-granites and even to alkali granites. In
this case, alkali granites appear to be the ulti-
mate product of a highly differentiated calc-al-
kaline series.

The defined calc-alkaline trend is in fact a
composite trend as it is shown in Fig. 6¢ (SiO,
versus MgO): the two intermediate plutons,
Sodioula and Diélé, form two distinct trends.
However, the aim of this paper is not to give a
comprehensive geochemical study and as a first
approach, one single, even composite, high-K
calc-alkaline trend can be assumed.

The alkali granites of southern Mali are akin
to the calc-alkaline suite. This is confirmed by
the discrimination diagram of Pearce et al.

(1985) SiO, versus log Y (Fig. 7a) where the
most differentiated samples clearly fall in the
volcanic arc—collision granites domain and far
from the within-plate domain, the classical
geodynamic environment of alkaline granites
belonging to the alkaline suite. The three stud-
ied groups show similar trends in this diagram.

Although one must be very careful in the use
of current discrimination diagrams based on
Phanerozoic and Upper Proterozoic granites
for evaluating geodynamic environments 2000
Ma ago, they do show constraining features.
Some recent well-constrained studies on old
terrains can favour plate tectonics models even
in the Archaean (Davis et al., 1989).In the
Si0, versus log Rb diagram (Pearce et al.,
1985, Fig. 7b), the South Mali suite crosses the
boundary between VAG (volcanic arc gran-
ites) and syn-COLG (syn-collision granites)
around 68% SiO,. Then if we consider only the
granites stricto sensu, they lie only in the syn-
COLG area but not far from the VAG field. In-
deed, it is clear that the South Mali calc-alka-
line suite does not correspond to a classical
crustal leucogranite such as the Himalayan
Manaslu granite (Le Fort, 1981; Vidal et al.,
1982): the South Mali granites are linked to a
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complete suite including an early dioritic stage,
are not peraluminous and show in the field
sharp contacts with the country rocks. If they
are linked to a sort of collision, the latter has
chances to look like a docking as in the Pan-
African collision (600 Ma) in the Adrar des

J.P. LIEGEOIS ET AL.

Iforas in Mali (Liégeois and Black, 1987; Lié-
geois et al., 1987). There, the collision grani-
toids define a high-K calc-alkaline suite with
numerous subduction characteristics. More
data are necessary to assess this hypothesis and
there is no doubt that in such an intermediate

2
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Fig. 7. (a) SiO, versus log Y, with the boundaries between WPG (within plate granite )-ORG (ocean ridge granite) and
VAG (volcanic arc granite }-COLG (collision granite) (from Pearce et al., 1985). In contrast to major elements, trace
elements show clearly the distinctive features of the studied differentiated calc-alkaline granites relative to the alkaline
within-plate granites. (b) SiO, versus log Rb with the boundary separating the syn-COLG (syn-collision granite) and
VAG (volcanic arc granite) (from Pearce et al., 1985). See text for details. (c, overleaf) Rb versus K,O showing the high
content of K,O relatively to Rb of the South Mali granitoids.
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case, the discrimination diagrams are only a
first step.

The phenomenon at the origin of the potas-
sic enrichment of the South Mali suite has not
induced a comparative enrichment in Rb, as
shown in Fig. 7c (Rb versus K,O): the mean
K,O/Rb ratio of the three groups is around 300
which is at the upper boundary of the main
trend of Shaw (1968).

" As a consequence, the mean Rb/Sr ratios of
the different plutons are relatively low for high-
K rocks (around 1), and the rehomogeneised
SrIR 100 Ma after the intrusions are not much
higher than the intrusive one.

The #7Sr/8¢Sr initial ratios (SrIR) of the dif-
ferent studied units are:

— Birimian volcanics: 0.7018 £0.0002 (2098

Ma);

— Granitic batholith: 0.7021 +0.0003 (2091

Ma);

- Sodioula granodiorite: 0.7015 + 0.0005;
— Di€lé granodiorite: 0.7014 + 0.0005.

The values for Sodioula and Diélé have been
calculated back to 2073 Ma (U-Pb on zircon
age of Sodioula ) assuming that the mean Rb/
Sr ratio of each pluton has not changed during
the isotopic rehomogeneisation linked to the

400 600

D, deformation. The errors are given to take
into account the uncertainty of these mean Rb-
Sr ratios. In all cases, the magmatic initial ra-
tios of Sodioula and Diélé must be lower than
0.7025 as it is the ¥’Sr/®¢Sr ratio given by the
two isochrons around 1980 Ma for the two
plutons. Even a little lower, which may be due
to an open system during D5, these two calcu-
lated SrIR are in the range of the two measured
ones.

The SrIR of the volcanics are similar to those
of the plutonites, both being relatively low,
around 0.7020 or lower. As their chemistry and
their age are in the same range, it is likely that
they all come from the same evolving source.
What could be this source? The more depleted
MORB would have at 2100 Ma a 8Sr/®Sr ra-
tio of 0.7006 [with present-time values of
0.702 (*'Sr/%Sr) and 0.045 (*Rb/%SSr);
Faure, 1977]; a mean for modern island arcs
would have a value of 0.7017 (with present
0.704 and 0.075; Faure, 1977). The Pan-Afri-
can Tilemsi island arc (Liégeois, 1988; Caby
etal., 1986) gives, calculated back to 2100 Ma,
a similar value of 0.7015 (with 600 Ma values
respectively of 0.703 and 0.069). The depleted
mantle at 2100 Ma under the Canadian shield
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is also round 0.7015-0.7016 (Bell and Blen-
kinsop, 1987).

A subduction source, 1.e., a mixture of peri-
dotitic mantle and subducted oceanic crust
materials, would have then a mean 8'Sr/%¢Sr
ratio 2100 Ma ago around 0.7015-0.7017. This
ratio is similar to the Diélé and Sodioula cal-
culated ratios, compatible, within error limits,
with the StIR of the volcanics and a little lower
than that of the batholith. A high-pressure
granulitic lower crust is, for the 8’Sr/®Sr ra-
tios, another possible source at it can be de-
pleted in Rb (Sighinolfi, 1971). However, it is
very unlikely that such a refractory material
could produce such an important volume of
magmas as present in the Birimian. On the
contrary, a participation of a Rb-depleted lower
crust as a contaminant in the Birimian and
Eburnian magma genesis is possible and would
explain, if this phenomenon is important, the
high K/Rb ratios of these magmas. Nd or Pb
isotopes are necessary to assess this hypothesis.

The field work has shown the existence of
volcano-sedimentary inclusions in the pluton-
ites. However, the amount of the contamina-
tion of the batholith by this material cannot be
estimated as both SrIR and geochemistry of
contaminant and contaminated material are
very similar.

In conclusion, a same source for the Biri-
mian volcanites and for the Eburnian pluton-
ites can be proposed as both magmatisms have
similar geochemistry, ¥’Sr/#Sr initial ratios,
and occurred in a small period of time (2100~
2070 Ma). In the studied area, the Birimian
volcanites can be included in the Eburnian
magmatism, which is then entirely calc-alka-
line as in the Daléma complex (Bassot, 1987).

This source has produced a high-K calc-al-
kaline suite from a dioritic stage to monzo-
granites but also to syeno-granites and alkali
granites (Streckeisen sense ). Let us insist that
the latter have clearly calc-alkaline affinities,
distinct from classical within-plate alkaline
granites.

This suite proceeds from a subduction-type

J.P. LIEGEOIS ET AL.

or docking-type mantle source with virtually no
old crustal component except if it is strongly
Rb-depleted. The interaction batholith-vol-
cano-sedimentary series seen in the field can-
not be quantified as they have very similar
geochemical and Sr isotopic characteristics.

Our Massigui area has similar and distinct
features with greenstone belts. Firstly, a com-
parison is only possible with upper parts of
these Archaean belts as both komatiites and
tholeiitic volcanics are absent, which are typi-
cal of the lower parts (e.g. Anhaeusser, 1981;
Windley, 1984). Similarities are the associa-
tion of volcanics and immature sediments af-
fected by greenschist facies metamorphism
which can reach the amphibolite facies on the
edges of the belts, near granitic batholiths, the
importance of horizontal tangential tectonics
and shear tectonics (e.g. Stowe, 1974; Coward
et al., 1976), gold mineralization in the vol-
canics and Sn, Li, Be in granitic and pegmati-
tic bodies. Dissimilarities are the absence of old
gneisses, the high-K calc-alkaline chemistry of
pre- to syn-tectonic magmatism (low-K in
greenstone belts) and the fact, if our convic-
tions are confirmed, that, with time, the vol-
cano-sedimentary assemblage becomes more
volcanic, which is the opposite of classical
greenstones (Lowe, 1982). A complete com-
parison with greenstone belts is not possible
without taking into account other areas of the
northwest Man shield even only in Mali, such
as southern Mali areas studied by the UNDP
mission (Diallo and Kusnir, 1985) were ba-
saltic pillow lavas and ultramafic bodies are
known to occur, or as western Mali where thol-
eiitic volcanics and shallow-water sediments
including carbonates are present (Klockner
mission, pers. commun. ).

General conclusions

The combination of extensive field, Rb-Sr
on whole-rock and U-Pb on zircon geochron-
ology and geochemistry studies on the Massi-
gui area allow us to propose some regional con-
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TABLE 4

Evolution of the Eburnian orogeny in South Mali (this paper).
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" TECTONICS

METAMORPHISM |

D3: reactivation
of the Banifin
corridor.

D2: Regional shear
tectonics, steeply
dipping fold axis
max. intensity in
the Banifin zone

D1: regional
tangential tectonics

i Local (Banifin)

retrograde metam.
(greenschist)

Regional highgrade
greenschist + local
(Banifin) low—grade
amphibolite facies

Ma | LITHOLOGY
1982 Pegmotites?
+/-30
2074 Calc—alkaline interm.
+/-7 plutons (Banifin)
. 2091 Calc—alkaline granitic
+/-33 | batholiths (West)
; 2098 Preponderant (Centre)
' +/-5 calc—alkaline volcanites
Preponderant sediments
pelitic (East)
t clayey sand (Centre)

straints on the Eburnian orogeny sensu stricto
north of the Man shield (the older so-called
Burkinian orogeny is not present) (Table 4).
— In southern Mali, the Eburnian orogeny be-
gins with deposition of immature clastic sedi-
ments (basement unknown) progressively in-
vaded by volcanics (2098 +5 Ma) mainly of
andesitic composition, the whole process likely
being a unique phenomenon occurring in a rel-
atively short period of time. No trace of an old
basement has been found.

~ Subsequent plutonism with similar geo-
chemical characteristics as the volcanics, is
somehow linked to the regional deformation as
it is early- or syn-tectonic (2091 +33 Ma and
2073+ 7 Ma) and as the deformation is much
stronger along the huge granitic batholith
(Banifin shear belt).

— This shear belt has defined a zone of weak-
ness one hundred million years later (1982 + 30
Ma), where tectonic reactivation and Sr iso-
topes rehomogeneisation occurred.

- The regional deformation appears to have
comprised a first phase with a likely main tan-

gential regime and has evolved in a second
phase characterized by a main shear
component.

- Sr initial ratios indicate a largely proponder-
ant mantle source for both volcanics and plu-
tonites, in agreement with the lack of old base-
ment, and geochemistry points to a high-K calc-
alkaline magmatism with subduction or dock-
ing characteristics for both.

This implies that the Eburnian orogeny in
southern Mali was short-lived ( ~30 Ma, be-
tween 2100 Ma and 2070 Ma). However, tak-
ing into account the width of the Birimian do-
main of the West African craton, a diachronism
between several dockings of Massigui type
which may have occurred, must be envisaged.
The term “Eburnian orogen” comprises as well
the Birimian volcanics as the granitic pluton-
ism which must be fondamentally linked.

A major reactivation occurred 100 Ma later,
around 1980 Ma ago, apparently without as-
sociated magmatism, which reset completely
the Rb-Sr isotopic system in the Banifin cor-
ridor. If this is a regional phenomenon, as our
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current studies in the Malian part of Kayes and
Kenieba inliers seem to attest, it would explain
the second peak of ages of Tempier et al.
(1987) and brings caution on the old chronol-
ogy based only on Rb-Sr systematics.
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