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Abstract Optical microstructures and crystallographic preferred orientations were studied in naturally deformed granulite- to highamphibolite facies quartzo-feldspathic rocks in southern Madagascar. The microstructures of coarse-grained granulite suggest that feldspar and quartz accommodated deformation by both dislocation and di€usion creep in the absence of melt. The extreme ductility of feldspar in dynamically recrystallized granulite is explained by activity of dislocation creep, in conjunction with stress-controlled intracrystalline di€usion. In the studied rocks, the considerable volume of quartz is not interconnected even at high strain. The lack of its interconnectivity in coarse-grained granulites and in amphibolite facies granoblastic platy quartz rocks is explained by an extreme stability of the load-bearing framework structure at high-temperatures. In dynamically recrystallized granulite, the feldspar viscosity decreases so that quartz becomes enveloped by a weak feldspar matrix which inhibits its coalescence and interconnectivity. We predict an important decrease in strength of quartzo-feldspathic granulites due to activity of di€usional creep and convergence of viscosity of recrystallized feldspar and quartz. # 1999 Elsevier Science Ltd. All rights reserved.



1. Introduction Determination of deformation mechanisms in natural systems is complicated by the fact that the microstructures used as evidence re¯ect complex combination of metamorphic and deformational histories (White and Mawer, 1986). Therefore, one of the principal objectives of microstructural analysis is the identi®cation of grain scale processes enabling the determination of deformation environment and mechanical properties of studied rocks.
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Quartzo-feldspathic granulites are probably the most intensely studied polyphase rocks with respect to quartz textures (e.g. Sander, 1950; Behr, 1980). Most authors interpret quartz c-axis preferred orientations in granulites as a result of dislocation creep manifested by activity of the prism-[c ] slip system (Lister and Dornsiepen, 1982). The activity of prism-[c ] glide is also reported from partially molten rocks and from granites deformed at the solidus boundary (Blumenfeld et al., 1986). Few microfabric studies explain crystallographic preferred orientation (CPO) of plagioclase as a result of dislocation motion on the …010†‰001Š and …010†‰100Š (Ji and Mainprice, 1988; Ji et al., 1988) at granulite facies conditions. Microstructures characteristic for dislocation creep in high-grade rocks have also been con®rmed by several transmission electron microscope studies of naturally deformed plagioclase (e.g. Olsen
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Fig. 1. Regional structural sketch map of the southern part of Madagascar. (1) Post-Cambrian sediments, (2) rocks equilibrated under granuliteand high-amphibolite facies conditions, (3) anorthosite, (4) granitoids, (5) foliation trends depicted from satellite images and ®eld mapping, (6) shear zones, (7) major faults, (8) sense of shear. A schematic east±west cross-section is localized along the bold line (BB '). FD, I, A, towns of Fort-Dauphin, Ihosy and Ampanihy. The position of Fig. 2 and of the studied samples is indicated (I-1 to I-4, A-1 and A-2).



and Kohlstedt, 1984) and alkali feldspar (White and Mawer, 1986). Di€usion-accommodated grain boundary sliding was described in very ®ne-grained quartzo-feldspathic high-



grade mylonites (Behrmann and Mainprice, 1987). In experimentally deformed quartzo-feldspathic rocks the di€usion creep is restricted to rocks with grain-size not exceeding 10 microns (Tullis, 1990). Di€usional creep
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is also enhanced by presence of granitic melt (Dell'Angelo and Tullis, 1988). The well-equilibrated microstructure of granulites is commonly interpreted by petrologists as a product of extensive solid state static annealing (Spry, 1969). Emphasis is placed on the geometric and morphological characteristics like the lack of like±like contacts between constituent minerals (Kretz, 1969, 1994; McLellan, 1983) and the presence of triple point junction network between constituent phases (Vernon, 1975). Aspects of the microfabric such as the morphology of quartz±feldspar boundaries, grain indentations and grain overgrowths in coarse-grained quartzo-feldspathic high-temperature tectonites are rarely explained as the result of a combination of di€usion and dislocation creep processes (Gower and Simpson, 1992). Thus, di€usion creep of coarse-grained quartzo-feldspathic rocks is possible under natural melt-free amphibolite facies conditions. From a purely mechanistic point of view, the quartzo-feldspathic granulite can be viewed as a polyphase mineralogical system consisting dominantly of K-feldspar and quartz. Handy (1990) applied a concept of strain and stress concentrations related to deformation of polyphase materials. According to this concept, the rocks form two types of structures: (1) a load bearing framework (LBF) structure in which the stress is concentrated in strong phases surrounding pockets of weak material; (2) an interconnected weak layer (IWL) structure marked by concentration of stress and deformation in weak minerals forming an interconnected phase. As indicated by experiments, progressive deformation leads to the breakdown of LBF structure which becomes unstable at higher strain values (Jordan, 1987). It gives rise to a so-called `banded structure' marked by alternations of monomineralic layers which was also reported from naturally deformed quartzo-feldspathic rocks under amphibolite facies conditions (Schulmann et al., 1996). However, in quartzo-feldspathic granulites such a banded structure does not develop. This can be interpreted as an e€ect of post-tectonic annealing or as a result of stability of LBF structure under high-temperature conditions due to di€usion creep. In this paper we discuss the signi®cance of rock fabrics and microstructures of the Madagascar lower crust coeval with granulite- to higher-amphibolite facies metamorphism. Microstructural- and fabric analysis were performed in quartzo-feldspathic rocks in order to identify a creep regime under high-temperature conditions. The microstructural study is compared with extrapolated rheological laboratory data in order to establish the strength of the studied granulites.
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2. Regional framework The Madagascar basement forms a part of Gondwanaland that separated from the other segments during Mesozoic rifting. The structures in this basement are related to the Mozambique belt which is a major Pan-African continental collision zone (Shackleton, 1986). The southern part of Madagascar (Fig. 1) consists of Early Precambrian (Caen-Vachette, 1979) continental crust strongly reworked during PanAfrican times (600±530 My, Andriamarofahatra et al., 1990; Paquette et al., 1994). Contrasting lithologies that have been mapped include: orthogneisses, highgrade paragneisses, marbles, granitoids, metabasites and anorthosites (Besairie, 1970). Numerous petrological studies provide evidence for regional Pan-African granulite facies metamorphism in southern Madagascar (see reviews in Nicollet, 1990; Windley et al., 1994). Ma®c granulites are composed of cpx+opx+pl+brown amp+grt+qtz+ilm and rt. In few places sapphirine and corundum-bearing amphibolites have also been reported. Migmatite paragneisses consist of qtz+kfs+grt+pl+sil2crd2bt and rare grandidierite. Aluminous residues are rich in bt+crd+grt or sil and more rarely sapphirine and kornerupine (Nicollet, 1990). Quartzo-feldspathic granulites are abundant and are composed of qtz+kfs+pl+grt 2 sil 2 spl. Quantitative temperature and pressure estimates have been obtained for reactions involving cpx+opx+grt+amp+qtz+pl mineral assemblage in ma®c lithologies (Martelat et al., 1997), grt+spl+qtz or grt+crd assemblages in metapelites (Moine et al., 1985; Nicollet, 1985, 1990). These di€erent techniques yield consistent temperature estimates at around 750 2 508C. The peak pressure estimates show a systematic increase from 0.4 GPa in the east towards 1 GPa in more western parts of the island. 3. Structural evolution Two major Pan-African deformation events have been recognized in southern Madagascar: the ®rst (D1) is represented by a planar granulitic foliation, isoclinal folds and an E±W-stretching lineation (Martelat et al., 1997). The second (D2) corresponds to the development of vertical shear zones and refolding of D1 fabrics (Fig. 1) attributed to a major compressional phase (Martelat et al., 1997). The shear zones separate regions of weaker D2 deformation characterized by folding of earlier metamorphic fabrics with refolding intensity increasing westwards. The style of deformation in the domains between shear zones is characterized by a granulite facies foliation (S1) represented by compositional banding, planar arrangement of platy minerals and ¯attening of
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and planar arrangement of granulite facies minerals and by the compositional banding of pyroxene-bearing and feldspar-rich bands. In quartzo-feldspathic granulites, the L2 lineation is locally marked by alignment of grt, spl, qtz and sil. 4. Rocks studied in outcrop



Fig. 2. Example of the sampling strategy across the kilometre scale shear zone near the town of Ihosy (I-1 to I-4). (1) Mineral stretching lineations L1 and L2, (2) foliations S1 and S2. The grey area marks major D2 shear zones. A schematic east±west cross-section at the bottom of the ®gure shows the relationship between D1 and D2 structures. The cross-section is constructed using local cross-sections (double line) passing through the towns of Ihosy, Zazafotsy and Ankaramena.



quartz ribbons and feldspar aggregates. This foliation displays subhorizontal stretching and a mineral lineation de®ned by an E±W alignment of granulitic minerals. It is locally refolded by synfolial, rootless folds with hinges parallel to the regional stretching lineation. The D2 deformation within the blocks separated by shear zones is characterized by F2 folding of all previous structures and results in the development of Type 2 interference fold patterns (mushroom of Ramsay, 1967) on all scales. These folds are open to tight with subhorizontal N±S-trending hinges and steep axial planes. In contrast, the F2 folds within D2 shear zones are isoclinal with steep axial planes and subhorizontal or subvertical fold hinges. The planar fabric within the shear zones is de®ned by ¯attening



We have studied quartzo-feldspathic granulites because of their simple mineralogy characterized by an average modal composition 50% K-feldspar, 40% quartz and 7% plagioclase. Other minerals occupy less than 3% of the rock. Sampling was carried out along two cross-sections perpendicular to two main vertical D2 shear zones (Ihosy and Ampanihy) and covering adjacent regions with D1 subhorizontal fabrics (Fig. 2). The ®rst group of granulite samples was collected at outcrops characterized by ¯atlying D1 foliation and E±W-trending L1 lineation. The mineral assemblage of samples A-2 and I-4 is marked by the presence of kfs, pl, qtz, green spl, (ZnO or Cr2O3 < 0.1 wt%), grt (alm 50±75%, prp 19± 38%)2sil and rt. Scarce tiny secondary biotite grains are developed at garnet rims. The second group of samples I-3, I-1, I-2 and A-1 was collected at outcrops within D2 shear zones marked by a vertical foliation and subhorizontal lineation (Fig. 2). Sample I-3 is characterized by a mineral assemblage similar to that of the ®rst group but with a higher modal amount of grt and sil. The samples I-1, I-2 and A-1 contain qtz, pl, mc, bt, ilm 2 grt 2 sil. Therefore, we regard these last three samples as quartzo-feldspathic granulites partly reequilibrated under amphibolite facies conditions. 5. Microstructures The microstructural characteristics of grain size, grain shape, geometry of grain boundaries, and grain contact frequency were systematically studied. The microstructural work was enhanced by the study of crystallographic preferred orientation of K-feldspar and quartz. Three principal types of microstructures were recognized: Preserved D1 fabrics outside the shear zones (Type 1), partly recrystallized granulite (Type 2) and D2 reequilibrated granulite (Type 3). 5.1. Type 1 fabrics in granulite (A-2, I-4 outside the shear zone) The samples show a typical granulitic microfabric in which mesoperthitic alkali feldspar forms an interconnecting phase enclosing all other mineral phases. Mesoperthitic alkali feldspar is mostly present in the
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Fig. 3. Micrographs of representative quartzo-feldspathic granulites. (a) and (b) D1 granulite microfabrics in XZ section of the strain ellipsoid; (c±f) D2 granulite microfabrics in XZ section of the strain ellipsoid. (a) Elongate mesoperthitic K-feldspar encloses monocrystalline quartz ribbons. Note cusp at K-feldspar±quartz boundary parallel to the foliation (scale bar 1 mm). (b) Cusp of K-feldspar included in quartz (scale bar 200 mm). XZ section of strain ellipsoid. (c) Recrystallized alkaline feldspar surrounding monocrystalline quartz ribbons (scale bar 1 mm). (d) Recrystallization of alkaline feldspar by compositionally and crystallographically controlled sub-grain rotation. New grains are discrete plagioclase or K-feldspar (scale bar 200 mm). (e) Type 3 fabric, matrix composed by subequant grains of plagioclase and microcline and biotite. Quartz forms strained monocrystalline ribbons (scale bar 1 mm). (f) Detail of triple point network in microcline±plagioclase matrix (scale bar 200 mm).



form of sub-equant grains of irregular shape ranging from 0.5 to 4 mm in size. Locally the grains reach 3 mm in length and are elongate with aspect ratio up to 5:1 (Figs. 3a and 4a). The grain boundaries of subequant grains are straight and often meet in triple point junctions. Large feldspar crystals show lobate mutual boundaries.



Quartz is present in the form of large elongate monocrystalline ribbons up to 3 mm long and 0.5± 2 mm wide or as thick polycrystalline aggregates (Figs. 3a and 4a). Quartz often includes small grains of Kfeldspar and plagioclase (Fig. 3b). It also occurs as irregular polycrystalline aggregates with strongly sutured grain boundaries. The most characteristic
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Fig. 4. Maps of thin sections of granulite microfabrics (XZ sections of the strain ellipsoid). (a) Coarse grained Type 1 fabric (I-4 sample). (b) Type 2 fabric, inset shows details of composition of ®ne grained matrix (I-3 sample). (c) Type 3 fabric with elongated quartz ribbon (A-1 sample).



intracrystalline microstructures are prismatic subgrain boundaries parallel to ribbon elongation or a rectangular chess-board microstructure indicating the presence of both basal and prismatic subgrain boundaries (Kruhl, 1996). Quartz±feldspar boundaries are gently curved showing cusps pointing from feldspar to quartz



®elds. The cusps in sections perpendicular to the foliation trend mostly parallel to the foliation. Two types of quartz±feldspar phase boundary cusps have been identi®ed in thin sections similar to those described by Gower and Simpson (1992): long cusps at the terminations of feldspar promontories pointing into quartz
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Fig. 5. Results of grain-size and of grain aspect ratio analyses. (a) Orthogonal plot of average grain-size vs grain-size spread calculated as standard deviation (s ). (b) Orthogonal plot of grain-size surface (mm2) vs grain aspect ratios (Ra ˆ a=b) for quartz and feldspar. Long axis a and short axis b are measured in XZ sections. Large symbols indicate average grain-size and aspect ratio. Circle, square and triangle correspond to Type 1, Type 2 and Type 3 fabrics, respectively.



®elds (Fig. 3a), and foliation parallel cusps developed at the termination of feldspars enveloped in quartz (Fig. 3b). 5.2. Type 2 fabrics (I-3 sample inside shear zone) The main deformation feature is intense dynamic recrystallization of large alkali feldspar crystals leading to grain-size reduction (Figs. 3c and 4b). Relicts of mesoperthites show a core-and-mantle structure (White, 1976) marked by elongate subgrain walls in the core and sub-equant subgrains (0.2±0.5 mm) at their margins. The least deformed alkali feldspars show well preserved mesoperthitic structures (Fig. 3d). There is a compositional and crystallographic control of subgrain formation similar to that observed by White and Mawer (1986, Fig. 3d). This involves devel-



opment of discrete K-feldspar and plagioclase subgrains associated with progressive misorientation of subgrain boundaries. Continued deformation leads to dynamic recrystallization by subgrain rotation producing separated K-feldspar and plagioclase new grains. At least 50% of the sample consists of a recrystallized groundmass composed of small sub-equant K-feldspar and plagioclase grains. Quartz forms elongate monocrystalline ribbons up to 7 mm in length and 1±2 mm in width, and does not show signs of dynamic recrystallization. The typical internal feature is chess-board undulatory extinction or prism subgrain boundaries oriented obliquely to ribbon margins (Fig. 3c). Boundaries between quartz and K-feldspar are gently curved and exhibit cusps of recrystallized feldspar ®elds pointing into quartz parallel to the foliation trend (Fig. 4b).
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Fig. 6. Modal composition and results of grain contact frequency analysis for quartzo-feldspathic granulites. (a) Modal composition of quartzofeldspathic granulites used for quantitative textural analysis is plotted in the quartz±plagioclase±K-feldspar triangle. (b) Orthogonal plot of observed/expected frequencies from quartzo-feldspathic granulites. The expected values are calculated after McLellan (1983). Circle, square and triangle correspond to Type 1, Type 2 and Type 3 fabrics, respectively.



5.3. Type 3 fabrics (samples I-1, I-2 and A-1 inside the shear zone) The rock exhibits an equigranular microstructure of matrix surrounding strongly elongated platy quartz. The foliation is emphasized by a shape preferred orientation of small biotites and by quartz ribbons (Figs. 3e and 4c). The ®ne-grained matrix is composed mostly of small grains of K-feldspar reaching 0.5 mm in size. The grains have ¯attened shapes and well-equilibrated straight boundaries (Fig. 3f). Abundant microcline twinning is developed both in the rare relictual clasts and in almost all new grains. K-feldspar locally shows an untwinned core surrounded by twinned microcline. Quartz occurs in the form of highly elongated monocrystalline ribbons (Figs. 3e and 4c) which show strong undulatory extinction and numerous prismatic subgrains oblique to ribbon margins.



6. Quantitative fabric analysis This fabric analysis is based on a statistical evaluation of grain-size distributions and grain boundary frequencies (McLellan, 1983; Kretz, 1994). The grainsize of dynamically recrystallized mineral aggregates is controlled by the rate of subgrain rotation (N ) and by the rate in which grains are consumed by grain boundary migration (G ) (Hickey and Bell, 1996). Grains undergo diminution where average N=G > 1, preservation of grain-size where N=G ˆ 1 and increase in grain-size where N=G 1 and the initial large grain size of feldspar cannot be preserved. Even if the driving force for grain boundary migration was still high, the new grains were produced at such a rate of subgrain rotation N that the average grain size was signi®cantly reduced. Weak aggregate distribution is interpreted as a result of compositional control of the dynamic recrystallization process leading to heterogeneous nucleation of K-feldspar and plagioclase at the expense of original mesoperthitic feldspars. The grain contact frequency distribution in the Type 3 fabric shows an almost random pattern corresponding to an equidimensional and randomly distributed feldspar aggregate. High-temperature (amphibolite facies conditions) is held responsible for reequilibration of the equigranular microstructure associated with only slight grain growth and rearrangement of grain boundaries to a triple point network. Larger grainsizes of the feldspar mosaic of mylonitic samples with respect to Type 2 granulite can be explained by a _ decrease in e=T ratio on a local scale such that the average N=G 
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