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Finite strain pattern in Andriamena unit (north-central Madagascar): evidence for late Neoproterozoic–Cambrian thrusting during continental convergence Philippe Goncalves a,∗ , Christian Nicollet a , Jean-Marc Lardeaux b a
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Abstract This paper deals with the late Neoproterozoic–Cambrian tectonic evolution of a part of north-central Madagascar, which is characterized by the occurrence of a mafic-ultramafic sequence (the Andriamena unit) overlying a gneissic-granitic basement. The finite strain pattern has been determined by carrying out a SPOT satellite image analysis, structural mapping of specific areas and kinematic analyses of shear zones. Structural investigations reveal the presence of two superposed finite strain patterns, D1 and D2 . The D1 event is related to the emplacement of the Andriamena unit on the top of the gneissic-granitic basement. The western contact between these units is a major mylonitic zone characterized by a non-coaxial strain regime consistent with a top-to-east displacement. We suggest that the Andriamena unit originated as a lower crustal fragment of a middle Neoproterozoic continental magmatic arc related to the closure of the Mozambique Ocean. This fragment was thrusted onto the gneissic-granitic basement after 630 Ma, i.e. the age of emplacement of characteristic stratoid granites found only in the lower unit. The D2 event is related to east-west horizontal shortening mainly accommodated by F2 upright folds. In-situ electron microprobe dating of monazites from the Andriamena unit constrains the age of the D1 and D2 events between 530 and 500 Ma under amphibolite to granulite-facies conditions (5–7 kbar, 650–700 ◦ C). The eastward thrust emplacement of the Andriamena unit (D1 ) followed by the horizontal shortening (D2 ) are ascribed to the same Cambrian tectonic regime (i.e. east-west convergence). Such D1 –D2 bulk strain pattern has been recognized throughout Madagascar and at various structural levels of the crust: in the lower crust in Southern Madagascar and in the uppermost crustal level in the SQC unit (central Madagascar). The D1 –D2 event is interpreted to result from the continental convergence of the Australia–Antarctica block and the Madagascar, India, Sri Lanka block during the final amalgamation of Gondwana. © 2003 Elsevier Science B.V. All rights reserved. Keywords: Madagascar; Mozambique Belt; Crustal shortening; Thrust; Electron microprobe dating; Monazite
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1. Introduction Knowledge of the timing of structural evolution is fundamental for understanding orogenic processes
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in collision zones. Thus, direct coupling of geochronological data with structural and petrologic information is essential to unravel the evolution of a huge orogenic belt like the Mozambique Belt. Before Mesozoic opening of the Mozambique channel, Madagascar was located adjacent to Kenya and Tanzania, close to the eastern front of the Mozambique Belt. The recognition of important variations in ages of peak-metamorphic conditions across the Mozambique Belt has demonstrated that such belt does not simply result from the collision of the supercontinents East and West Gondwana. It was rather formed by multiple collisions of continent, micro-continent and arc terranes during Neoproterozoic (Stern, 1994; Meert and Van der Voo, 1997). Consequently, it is fundamental to recognize and constrain the geometry and timing of collision zones that bound these accreted terranes. In north-central Madagascar, the identification of juxtaposed crustal blocks, including the Andriamena unit, with contrasted lithological, metamorphic and geochronological characteristics (Bésairie, 1963; Collins and Windley, in press) raises the problem of how and when these tectonic blocks accreted. The Andriamena unit is known to have crucial geodynamic significance in the Precambrian evolution of Madagascar, owing to the occurrence of late Archaean UHT metamorphism (Nicollet, 1990; Goncalves et al., 2000, 2001) and middle Neoproterozoic intrusive gabbros. These rocks have been interpreted as remnants of the root of a continental magmatic arc (Guérrot et al., 1993; Handke et al., 1999). The aim of this paper is to constrain the structural evolution of a part of north-central Madagascar. Numerous geochronological studies have recently been performed in this area (Caen-Vachette, 1979; Guérrot et al., 1993; Nicollet et al., 1997; Paquette and Nédélec, 1998; Tucker et al., 1999; Kröner et al., 2000; Goncalves et al., 2000), but almost no modern structural studies have been done, except in the area of the stratoid granites west of Andriamena (Nédélec et al., 1994) and in the Antananarivo virgation area (Nédélec et al., 2000). Combining the structural data with P–T metamorphic estimates and in-situ geochronology, we discuss the thermo-tectonic evolution of a portion of the north-central Malagasy basement, including the Andriamena unit.



2. Geological setting The Malagasy basement is classically divided into two parts. The southern part, south of the BongolavaRanotsara shear zone (Fig. 1) is characterized by a generalized late Neoproterozoic tectonothermal imprint with no record of Archaean ages (Andriamarofahatra et al., 1990; Paquette et al., 1994; Kröner et al., 1996; Montel et al., 1996; Nicollet et al., 1997; Martelat et al., 2000; de Wit et al., 2001). The finite strain pattern results in the superposition of two Neoproterozoic deformation events D1 and D2 , which are characterized by a flat-lying foliation (S1 ) bearing an east-west lineation (L1 ) and by a network of kilometer-scale vertical shear zones (S2 ) bounding folded domains (Fig. 1). The D2 structures have been interpreted as the result of late Neoproterozoic east-west horizontal shortening in a transpressive regime under granulite-facies conditions (see discussions in Pili et al., 1997; Martelat et al., 1997, 2000). Since the 1970s and the studies of Bésairie (1963) two main lithological units have been recognized in north-central Madagascar: a basement mainly composed of late Archaean (∼2.5 Ga) granitoids and migmatitic gneisses containing a significant Neoproterozoic juvenile component (Tucker et al., 1999; Kröner et al., 2000; the Antananarivo block of Collins et al., 2000), which is structurally overlain by a late Archaean mafic sequence. This latter sequence occurs as three north-south elongated units, named respectively from west to east: Maevatanana, Andriamena, and Aloatra–Beforona (Fig. 1). They are interpreted as a part of the same lithostratigraphic unit: the “Beforona group” of Bésairie (1963) or the same tectonic unit: the “Tsaratanana thrust sheet” of Collins et al. (2000). Our study is focussed on the Andriamena mafic unit and the surrounding gneissic-granitic basement. Geochronological results show that the late Archaean basement and the mafic sequence record a complex Neoproterozoic polymetamorphic and magmatic history (Guérrot et al., 1993; Nicollet et al., 1997; Paquette and Nédélec, 1998; Tucker et al., 1999; Kröner et al., 2000; Goncalves et al., 2000). A widespread and voluminous magmatic activity is characterized by the emplacement of gabbroic and granitoid rocks at ∼820–720 Ma (Guérrot et al., 1993; Tucker et al., 1999; Kröner et al., 2000). This Neoproterozoic igneous activity, which also affected the
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SQC unit (Schisto-Quartzo-Calcaire unit or alternatively named Itremo Group) of central Madagascar (see location in Fig. 1), is interpreted as the result of continental arc magmatism related to the closure of the Mozambique Ocean at about the same time as the break-up of the supercontinent Rodinia (Tucker et al., 1999; Handke et al., 1999). North-west of Antananarivo, the late Archaean gneissic basement was intruded under LP–HT conditions by the “stratoid granites” at 630 Ma (Paquette and Nédélec, 1998). Finally, the finite strain pattern observed in north-central Madagascar is related to a late Neoproterozoic tectonic event (Kröner et al., 2000; Nédélec et al., 2000), contemporaneous with a period of high-grade metamorphism and intrusive igneous activity (580–520 Ma; Tucker et al., 1999; Kröner et al., 2000). 2.1. The Andriamena unit



Fig. 1. (A) Simplified geological map of Madagascar, with the main structural features (modified after Martelat, 1998), highlighting the north-south trending structures. In southern Madagascar, the deformation is related to an east-west horizontal shortening (D2 ). (1) Middle and late Archaean gneisses and granitoids, (2) late Archaean and Neoproterozoic mafic gneisses and metapelites, (3) late Archaean and Neoproterozoic gneisses and granitoids (the gneissic-granitic basement in the text), (4) late Neoproterozoic granulite-facies metabasites and metapelites, (5) greenschist-amphibolite-facies metasedimentary rocks and middle Neoproterozoic intrusions (SQC unit), (6) late Neoproterozoic–Cambrian shear zones, (7) major structural



The Andriamena unit located north of Antananarivo (see location in Fig. 2), consists mainly of interlayered mafic and tonalitic gneisses (biotite-hornblende and biotite gneisses), metapelitic migmatites (garnet-sillimanite bearing rocks) and quartzites associated with numerous large, deformed, mafic to ultramafic bodies. These mafic bodies include dunites, peridotites and pyroxenites associated with chromite mineralizations and gabbros equilibrated under P–T conditions of about 4–5 kbar, 500–800 ◦ C and with preserved igneous textures (Cocherie et al., 1991; Guérrot et al., 1993). The few available geochronological data highlight the high-grade polymetamorphic evolution of the Andriamena unit between late Archaean to Neoproterozoic times (Guérrot et al., 1993; Nicollet et al., 1997; Goncalves et al., 2000). Relict high Al–Mg granulites preserve ultra-high temperature assemblages (garnet-sapphirine-quartz, orthopyroxene-sillimanite-quartz), suggesting minimal P–T conditions of about 11 kbar and 1050 ◦ C, which have been dated at 2.5 Ga using electron microprobe dating of monazites (Nicollet, 1990; Nicollet et al., 1997; Goncalves et al., 2000). A second trend, (8) late Paleozoic–Mesozoic sediments and volcanic rocks, Maev.: Maevatanana unit, Andr.: Andriamena unit, Aloat.: Aloatra–Beforona unit, Anta: Antananarivo. (B) Schematic cross-section of southern Madagascar showing the main structures related to the D1 and D2 tectonic event (Martelat et al., 1999).
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Fig. 2. Simplified geological map with the foliation trajectories obtained from seven SPOT satellite images and 1/100,000 geological maps. (1) Gneissic-granitic basement, (2) Andriamena unit (mafic gneisses, biotite gneisses, migmatites), (3) mafic-ultramafic intrusions, (4) U–Pb ages from the stratoid granites (Paquette and N´ed´elec, 1998), and (5) Pb–Pb evaporation ages from granites, and hornblende-biotite gneiss (Kröner et al., 2000).
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widespread granulitic event, coeval with partial melting, occurred at peak conditions of about 850 ◦ C, 6–7 kbar and has been dated to about 730–770 Ma (Nicollet et al., 1997; Goncalves et al., 2000). This second granulitic event could be associated with the emplacement of the mafic-ultramafic intrusions at 787 ± 16 Ma (Guérrot et al., 1993; Goncalves et al., 2000). Finally, the Andriamena unit was reworked with the rest of Madagascar during late Neoproterozoic times. 2.2. The gneissic-granitic basement The basement in north-central Madagascar, and more particularly west and south-west of the Andriamena unit, is composed mainly of alternating layers with variable thicknesses of biotite-hornblende-rich gneisses locally associated with sillimanite-bearing metapelites and alkaline granites (stratoid or sheet-like granites). These granites have been interpreted as syntectonic granites emplaced at 630 Ma in a post-collisional extensional setting (Nédélec et al., 1994; Paquette and Nédélec, 1998). However, such specific tectonic setting is poorly constrained and remain unclear. Indeed, post-collisional extension should be associated with a regional high temperature metamorphism. Up to now, this 630 Ma event has been recognized only in the stratoid granites located west of the Andriamena unit and in one intrusive hornblendegranodiorite gneiss located within the Aloatra– Beforona unit, east of Antananarivo (637 ± 1 Ma; Tucker et al., 1999). Another uncertainty exists about the real timing of their emplacement. Indeed, near Antananarivo, Paquette and Nédélec (1998) have dated a stratoid granite at 627 ± 2 Ma using U–Pb zircon method (sample MG 65). In contrast about 15 km south-east, Kröner et al. (2000), obtained a mean
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age of 764 ± 1 Ma from a sample (MAD 80) interpreted by Kröner et al. (2000) as a “charnockite partly retrogressed into a granite-gneiss.” According to the outcrop features and the petrography, we suggest that this partly retrogressed charnockite corresponds to a stratoid granite similar to the one dated by Paquette and Nédélec (1998). This assumption is also well supported by the major and trace element composition of sample MAD 80 (Kröner et al., 2000) which is consistent with the mildly alkaline suite defined by Nédélec et al. (1995) and from which sample MG 65 is derived. Thus, the recognition of contradictory ages for emplacement of the stratoid granites led us to be very careful with subsequent tectonic interpretations.



207 Pb/206 Pb



3. Strain pattern and related structures 3.1. Method The finite strain pattern was derived from the study of satellite images (seven SPOT scenes; Table 1), combined with the analysis of the geological maps (scale 1/100,000) and field investigations. Such combined approach has been successfully used in southern Madagascar to deduce the crustal-scale finite strain pattern (Martelat et al., 1995, 1997, 2000) and allow an analysis at various scales. Satellite imagery was also used to propose a consistent large-scale structural map integrating the Andriamena unit to north-central Madagascar. The map of foliation trajectories (Fig. 2) outlines a clear predominance of N160◦ –N180◦ directions, and more particularly in the Andriamena unit where these directions are accentuated by the north-south elongate shape of the Andriamena unit and the mafic-ultramafic bodies in the northern part of studied area. These



Table 1 Reference and scene center location of the seven SPOT satellite images used to draw the map of foliation trajectories (Fig. 2) KJ



SPOT



Date



Spectral mode



Scene center location



168–385 169–385 168–386 168–386 169–387 168–387 169–388



4 4 4 2 4 2 4



98/06/20 98/07/21 98/06/20 99/10/02 98/07/21 96/04/10 98/07/21



XI XI XI XS XI XS XI



−17◦ 31 11 /47◦ 17 25 −17◦ 31 11 /47◦ 44 43 −18◦ 01 09 /47◦ 10 36 −18◦ 29 47 /47◦ 00 20 −18◦ 31 07 /47◦ 31 36 −18◦ 56 30 /47◦ 07 20 −19◦ 01 04 /47◦ 47 25
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directions are consistent with the general orientation of the main late Neoproterozoic structures observed at the scale of Madagascar (Fig. 1). In the gneissic-granitic basement, the trajectories of the regional foliation are more irregular and define complex folded and elliptical structures. South of the study area, near Antananarivo, the foliation trajectories form a complex pattern that includes the east-west trending of the Antananarivo virgation, the north-south Angavo shear zone and the



highly folded domains close to the Carion granite and north of Mahitsy (Fig. 2). Our study is mainly focussed in the northern part of Fig. 2, where two different domains have been defined with respect to their lithological and structural characteristics: The Andriamena unit (Fig. 3a and b) and the gneissic-granitic basement, which is illustrated by Fig. 6 for the western Kiangara area and Fig. 7 for the eastern Ambakireny area.



Fig. 3. (a) Map of foliation trajectories in the central Andriamena unit (from our field investigations and 1/100,000 geological maps). (1) D2 low-strain zone, (2) D2 high-strain zone, (3) mafic-ultramafic intrusions, (4) gneissic-granitic basement, and (5) mylonitic zone. Equal area stereograms with projection onto the lower hemisphere: for the low-strain zones (a) 47 data, (b) 31 data, (c) 41 data; for the high-strain zones (d) 24 data, (e) 12 data. (b) Map of mineral lineation trajectories and F1 –F2 fold axes in the central Andriamena unit. Equal area stereograms with projection onto the lower hemisphere: for the low-strain zones (a) 48 data, (b) 31 data, (c) 41 data; for the high-strain zones (d) 28 data, (e) 11 data. (1) D2 low-strain zone, (2) D2 high-strain zone, (3) mafic-ultramafic intrusions, (4) gneissicgranitic basement, (5) lineations from N´ed´elec et al. (1994), and (6) lineations from this work, numbers refer to plunge amount.
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Fig. 3. (Continued ).



3.2. The Andriamena unit The foliation in the Andriamena unit corresponds to a gneissic layering composed by parallel layers of mafic and quartzofeldspathic gneisses and mafic-ultramafic bodies. At the regional scale, the foliation plane, denoted as S1 , is folded at various scales by F2 folds with steeply dipping north-south axial planes and sub-horizontal axes (Fig. 3b (stereonets a, c, d and 4)). The N160◦ –N180◦ trending structures (Fig. 3a) and the north-south synformal structure of the Andriamena unit (Fig. 4) are related to such (F2 ) folding, which is consistent with east-west horizontal shortening (D2 ). The D2 deformation is heteroge-



neous and shows strain partitioning between extensive low-strain zones (zones in light grey in Fig. 3a and b) bounded by an anastomosing network of high-strain zones dominantly oriented N160◦ –N180◦ with widths up to 10 km (zones in dark grey in Fig. 3a and b). In the low-strain zones, the S1 foliation and the mafic-ultramafic intrusions are gently folded by F2 kilometer-scale open folds, without any related axial plane foliation (Fig. 3a, b and 4). Locally, granite veins intrude parallel to the F2 axial planes. In the high-strain zones, the foliation is sub-vertical (Fig. 3a (stereonets d and e)) and was formed either by the rotation of S1 to vertical or by the formation of a second penetrative foliation (S2 ). Mafic-ultramafic intrusions
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Fig. 4. Cross-section showing the F2 open to upright folds affecting the S1 foliation in the Andriamena unit and the stratoid granites. The F2 folds also affect the mafic-ultramafic intrusions. The western mylonitic contact between the Andriamena unit and the gneissic-granitic basement shows a top-to-east sense of shear. (1) Neoproterozoic mafic-ultramafic intrusions, (2) mafic and quartzofeldspathic gneisses of the Andriamena unit, HSZ2 : high-strain zone (D2 ). For location see Fig. 3a.



located in the high-strain zones are characterized by high aspect ratios (10 < H/L < 40) consistent with strong sub-horizontal shortening (D2 ) in these zones (Fig. 3a). In the low-strain zones, where D2 strain is moderate, the L1 stretching lineation, marked by biotite or amphibole, defines a regular east-west trend, perpendicular to the Andriamena/basement contact, with a pitch around 90◦ (Fig. 3b (stereonets a, b, and c)). In the high-strain zones, where the S1 foliation is rotated to vertical, the L1 lineations are steeply plunging due to their passive rotation during the F2 folding (Fig. 3b (stereonet d)). Near Brieville, where S1 is transposed into a new foliation (S2 ), the L1 lineation is replaced by a new sub-horizontal lineation (L2 ) broadly oriented N170 (Fig. 3b (stereonet e)). Structures related to the D1 deformation can be observed more easily outside the D2 high-strain zones. At the outcrop scale, numerous isoclinal intrafolial folds occur with hinges parallel to the L1 lineation and sub-horizontal axial planes (Fig. 3b (stereonets a, b, c and 5)). The initially horizontal S1 foliation is also affected by boudinage compatible with the east-west stretching lineation direction (Fig. 5). All these structures suggest that the D1 event included a significant amount of vertical shortening. The D2 high-strain zones are characterized by numerous upright F2 folds, which locally deform the F1 isoclinal folds. The lack of asymmetric structures in the zones characterized by intense transposition, as shown by the very high aspect ratio of the mafic-ultramafic bodies, is consistent with a strong component of coaxial strain associated with a horizontal east-west shortening during the D2 event.



Fig. 5. Schematic block diagram showing the different types of structures related to the D1 event, at outcrop scale. In the YZ section: isoclinal folds with axes parallel to the L1 lineation; in the XZ section: boudinage structures associated with scarce folds with axes perpendicular to the L1 lineation; in the XY section: chocolate-block boudinage surface with a lineation L1 . All these structures are consistent with a vertical shortening. The actual orientation of the block diagram is related to the later D2 folding. (1) biotite gneiss, (2) pegmatite, and (3) metabasite.
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Fig. 6. (A) Detailed map of foliation trajectories with fold axial traces defining type II fold-interference patterns, in the Kiangara area. (1) Gneissic-granitic basement, (2) Andriamena unit, (3) mafic-ultramafic intrusions, and (4) fold axial traces. (B) Part of the SPOT satellite images 168–385 and 168–386.



3.3. The gneissic-granitic basement 3.3.1. The Kiangara area: large-scale type II fold-interference patterns In the western Kiangara area (Figs. 2 and 6), the foliation in the basement is defined by an alternation, at various scales, of gneisses with foliation parallel stratoid granites. Close to Andriba and Kiangara, the structural pattern is characterized by a constant and west dipping foliation bearing a sub-horizontal WSW trending lineation (Fig. 3a and b; Nédélec et al., 1994). The foliation and its mineral lineation have been interpreted as magmatic structures de-



veloped during the emplacement of the magma under amphibolitic-facies conditions (4–5 kbar and ∼750 ◦ C) at 630 Ma (Paquette and Nédélec, 1998). A highly complex fold pattern domain of 15 km in width is observed from satellite images, bounded at the east by the Andriamena unit and at the west by the monoclinal stratoid granites (Fig. 3a and 6). The foliation trajectories define kilometric “boomerang” structures (Fig. 6) typical of type II fold-interference patterns (Ramsay, 1967). The axial trace of the late generation is oriented N150◦ –N180◦ (Fig. 6) and corresponds to open folds with vertical axial planes and sub-horizontal axes. These folds are consistent



144



P. Goncalves et al. / Precambrian Research 123 (2003) 135–157



with the F2 folding event defined in the Andriamena unit. The first fold generation, which have not been observed at the outcrop scale, should correspond to kilometric isoclinal folds with gently dipping axial planes and N90◦ axes according to the type II fold-interference pattern model (Ramsay, 1967). Such orientation is consistent with axial trace oriented N90◦ in Fig. 6. 3.3.2. The Ambakireny area: dome-and-basin structures The Ambakireny area is located east of the Andriamena unit and is bounded at the east by the north-south Angavo shear zone (Fig. 2). The S1 regional foliation pattern in this area defines typical dome-and-basin structures (Fig. 7). The main features are: (1) The S1 foliation is parallel to the lithologic contact between the mafic gneisses (Andriamena unit)



and the underlying gneissic and granitic basement. Furthermore, the dense mafic gneisses of the Andriamena unit are systematically located in the basins whereas the less dense gneissic basement defines the domes. (2) In the foliation map (Fig. 7), we observe that the structures are elliptical with their long axis oriented N160◦ –N180◦ (Fig. 7). In the central parts of the gneissic domes, the foliation is sub-horizontal and becomes steeper at the boundaries. In the basins, where the mafic gneisses crop out, the foliation is sub-vertical and folded by the upright F2 folds with north-south steeply dipping axial planes and sub-horizontal axes (Fig. 4). This folding, as well as the elliptical shape of the structures, is in agreement with the D2 regional east-west horizontal shortening inferred from the Andriamena unit structures.



Fig. 7. (A) Detailed map of foliation and lineation trajectories with fold axial traces defining dome-and-basin structures in the Ambakireny area. The denser mafic gneisses of Andriamena are systematically located in the basins while the granitoids form the domes. Note the elliptical shape of the structures consistent with an east-west horizontal shortening. (1) Gneissic-granitic basement, (2) mafic gneisses of the Andriamena unit, (3) fold axial traces, and (4) stretching lineations. (B) Part of the SPOT satellite image 169–385.
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(3) The contacts between the Andriamena unit and the underlying basement are generally steeply dipping, but close to the synformal closures they shallow out. There is an increase in strain as the contact is approached, but no kinematic indicators were observed here. Locally, around the Andraikoro dome, just north of Ambakireny, the steeply plunging lineations display a radial pattern broadly centered on the core of the dome (Fig. 7). The main feature observed here is the predominance of F2 folding. The superposition of such folds on an earlier fold generation with east-west vertical axial surfaces and horizontal axes, can yield dome-andbasin fold-interference pattern (type I from Ramsay,
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1967). However, we cannot ruled out that the highdensity contrast between the mafic gneisses of the Andriamena unit located in the basins and the granitic rocks of the basement forming the domes could also favor the formation of dome-and-basin structures by relative vertical displacements resulting from gravitational instabilities. 3.4. The western Andriamena/basement contact: a major mylonitic zone A major mylonitic zone occurs between the Andriamena unit and the underlying gneissic-granitic basement (Fig. 3a). This north-south trending structure extends over more than 200 km, suggesting



Fig. 8. The basal mylonitic Andriamena/basement contact. All the kinematic indicators are consistent with a top-to-east sense of shear. (A) Schematic block diagram showing the various structures observed in all the sections of the finite strain ellipsoid. (B) Outcrop view of the YZ section of the strain ellipsoid showing sheath-folds consistent with a high-strain regime at the Andriamena/basement contact. (C) Microstructures observed in thin-sections parallel to the lineation (XZ section of the strain ellipsoid). The asymmetric microfolds associated with the  and C/S type structures imply a non-coaxial strain regime consistent with a top-to-east sense of shear. (D) Fractured feldspar porphyroclast in thin-section in the XZ plane of the strain ellipsoid, indicating antithetic shears within a top-to-east shear zone.
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that the Andriamena/basement contact acted as a major deformation zone during the tectonic evolution of north-central Madagascar. It lies parallel to S1 foliation, dipping east (Fig. 4), with a thickness ranging from one to several meters. The stretching lineation associated with the mylonitic foliation is defined by the elongation of quartz aggregates and the preferred orientation of syn-kinematic biotite and plunges east. Numerous kinematic indicators occurring at various scales, including sheath folds developed in the YZ section of the finite strain ellipsoid, C/S structures, asymmetric microfolds, and asymmetric boudins in the XZ section (Fig. 8), indicate a non-coaxial deformation regime (Fig. 8). The sense of shear in the mylonitic zone is consistent a top-to-east sense of shear. The late folding (D2 event) of this contact impede a direct kinematic interpretation of these shear sense indicators. The mylonite is composed of a quartzite-phyllite alternation at centimeter-scale. The metamorphic mineral assemblage (hornblende + feldspar + epidote + biotite and quartz) is compatible with deformation under epidote-amphibolite-facies conditions and probably until greenschist-facies conditions. Quartzite layers are composed of elongate monocrystalline quartz ribbons with undulatory extinction, and/or polycrystalline quartz ribbons. The micaceous layers contain rounded fragments of feldspar, which are locally disrupted by antithetic shears (Fig. 8).



4. Metamorphism and geochronology of the Andriamena unit Petrology of migmatites, metapelites and associated metabasites has been investigated in order to estimate the regional conditions of metamorphism in the study area. Geochronologic constraints have been carried out using electron microprobe dating technique on migmatites and metapelites from distinct structural positions in the Andriamena unit. In-situ chemical U–Th–Pb ages and the associated statistical treatment follow the analytical procedure detailed by Montel et al. (1996). Analyses were performed directly on thin-sections on a Cameca SX100 electron microprobe at the laboratoire Magmas et Volcans of Clermont-Ferrand, France. Individual ages were calculated from the U, Th, and Pb concentra-



tions assuming that non-radiogenic lead in the monazite is negligible. The 2σ errors given on individual ages are calculated by propagating the uncertainties on U, Th, and Pb concentrations (with 95% confidence level) into the decay equation of Montel et al. (1996). According to the relatively less precision with respect to isotopic methods, numerous ages are obtained in a single crystal or thin-section, in order to obtain a statistical confident age. The age population is graphically presented in weighted histogram representation corresponding the sum of all individual ages and their uncertainties represented by bell-shaped probability curves. The calculated mean age and its associated error (with 95% confidence level) is based on a least-squares modeling, which allows to identify eventual multiple age populations. The quality of the modeling is assessed from the mean square weighted deviation (MSWD). 4.1. Migmatites and metapelites Migmatite C98 sampled about 10 km southwest of Brieville (Fig. 9), outside the D2 high-strain zones, consists of alternating melanosomes and leucosomes which correspond to the gneissic layering (S1 ). The melanosome is composed of centimeter-sized resorbed garnet porphyroblast, biotite, sillimanite, plagioclase, and quartz. Biotite occurs either as small inclusions in garnet porphyroblasts or as euhedral crystals up to 1 mm forming aggregates with large sillimanite dispersed in the matrix or around garnet. The leucosome is characterized by the presence of aggregates of perfectly euhedral muscovite associated with biotite and sillimanite, dispersed in a matrix composed of quartz and plagioclase. Garnet is scarce and occurs as strongly resorbed grains. According to the NaKFMASH petrogenetic grid of Spear et al. (1999), the lack of K–feldspar in the both layers and crystallization of hydrous phases like biotite + muscovite with sillimanite at the expense of garnet and crystallizing from melt, implies a cooling under P–T conditions of 4–7 kbar at 650–700 ◦ C. Temperatures estimated with various calibrations of the Fe–Mg exchange garnet-biotite geothermometer on garnet rim and matrix biotite are highly variable, but remain consistent with the petrogenetic grid constraints. For instance, temperatures calculated with the calibration of Ferry and Spear (1978) are between
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Fig. 9. Sample locations and P–T conditions. (1) Metabasites, (2) migmatites and metapelites, and (3) migmatites and stratoid granodiorite from N´ed´elec et al. (1994).



700–840 ◦ C in the melanosome and 660–720 ◦ C in the leucosome. Pressure of the cooling path estimated with the garnet-sillimanite-plagioclase-quartz barometer (Hodges and Crowley, 1985; Koziol, 1989) or the garnet-plagioclase-biotite-muscovite-quartz, ranges between 4.8 ± 0.1 and 6.1 ± 0.2 kbar (at 700 ◦ C). This result is consistent with the pressure estimated from the NaKFMASH petrogenetic grid. Monazites occur predominantly in the melanosome as sub-euhedral grains from 40 to ∼100 m in size with well-developed crystal faces (Fig. 10a). They are systematically located in the matrix and are in textural equilibrium with the metamorphic assemblage. It suggests that monazite growth is coeval with partial melting. Backscattered electron images do not reveal clear zoning (Fig. 10a). Thirty-six analyses have been carried out in six grains. Monazites are characterized by very low ThO2 and UO2 concentrations ( 
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