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The Barberton Granite Greenstone Terrain (BGGT) has been interpreted to record an accretionary orogeny during which at least two crustal terranes merged along a crustal scale suture zone (de Ronde and de Wit, 1994; Lowe, 1994, 1999; de Ronde and Kamo, 2000). This orogeny has been deemed to be responsible for the main deformation event in the Barberton Greenstone Belt (BGB) (D2), at ca. 3.21 Ga, which is well recorded in the lower parts of the stratigraphy of the belt in, the Onverwacht and Fig Tree groups (Viljoen and Viljoen, 1969c; Anhaeusser et al., 1981,1983; Lowe and Byerly, 1999; Lowe et al., 1999). Terrane amalgamation was followed by the deposition of molasses of the Moodies Group, which were themselves subsequently refolded during the late stages of orogeny. In the nearby granitoids, ca. 3.23–3.21 Ga plutons are interpreted as resulting either from arc-type magmatism, or from orogenic collapse (Moyen et al., this volume, and references therein). Relatively high-grade metamorphism in the BGGT is confined to the granitoid domains surrounding the belt and the Theespruit and Sandspruit Formations that form the belt’s lower-most stratigraphy. The interior of the belt is typified by lower greenschist facies metamorphism (Fig. 5.7-1) (Anhaeusser et al., 1981). In the modern Earth, accretionary orogens involving collision between oceanic and continental plates are characterized by a particular pattern of regional metamorphic grade distribution. In the lower plate (which is generally linked to a subducted oceanic plate), high pressure and low to medium temperature metamorphism is developed (Chopin, 1984; Bodinier et al., 1988; Ernst, 1988; Chopin et al., 1991; Nicollet et al., 1993; Spear, 1993; Wang and Lindh, 1996), commonly reaching relatively high grades. In the upper plate, lower grade metamorphism develops along typically warmer geotherms (Burg et al., 1984, 1989). This duality of metamorphic types has been recognized as one of the “hallmarks of plate tectonics” and has been proposed as useful in determining the timing of the onset of conventional plate tectonics (Brown, 2007). Thus far, clear evidence for this signature has only been documented from the Proterozoic and Phanerozoic rock record (Brown, 2007). In contrast, Archean metamorphic conditions are typically interpreted to reflect mostly “hot” and uniform P-T conditions (Percival, 1994; Brown, 2007). Thus, Archean terrains are regarded as lacking metamorphic evidence for collisional orogeny involving oceanic rocks. Furthermore, the typical map pattern of gneissic domes surrounded by narrow, syn-
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Fig. 5.7-1. Geological map of the Barberton greenstone belt (modified after Anhaeusser et al. (1981)). KaF: Kaap River Fault; KoF: Komatii fault; ISZ: Inyoni shear zone; IF: Inyoka–Saddleback fault. The boxes refer to areas were the detailed metamorphic studies reviewed in this paper were conducted: Western domain: (a) Stentor Pluton (Otto et al., 2005; Dziggel et al., 2006), (b) Schapenburg schist belt (Stevens et al., 2002). Eastern domain: (c) Tjakastad schist belt (Diener et al., 2005; Diener et al., 2006), (d) Inyoni shear zone (Dziggel et al., 2002; Moyen et al., 2006), (e) Stolzburg schist belt (Kisters et al., 2003), (f) Central Stolzburg terrane (Dziggel et al., 2002).
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formal greenstone belts (“dome and keel patterns”) is regarded as contradictory with collision or collision-like processes (Chardon et al., 1996; Choukroune et al., 1997; Chardon et al., 1998; Collins et al., 1998; Hamilton, 1998; Collins and Van Kranendonk, 1999; Van Kranendonk et al., 2004; Bédard, 2006).
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5.7-1. Evidence for Accretionary Orogeny in the BGGT
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Several new studies have recently been published on aspects of the metamorphic evolution of the BGGT and, in combination, provide particularly clear insights into the Archean geodynamic processes that shaped the greenstone belt. In this chapter, we review the findings of these studies and show that two fundamentally important aspects emerge. Firstly, that the higher-grade metamorphic margins to the belt are in faulted contact with the lower-grade metamorphic interior, and that these zones are characterized by strong syndeformational isothermal decompression signatures, with peak metamorphic conditions typically reflecting a minimum estimate (particularly for pressure). Secondly, there appear to be two fundamentally different metamorphic signatures in the amphibolite-facies rocks associated with the belt. In the ca. 3.45 Ga and older granitoid-dominated terrane to the south of the belt (Fig. 5.7-1), a relatively low-temperature, high-pressure metamorphic signature is dominant. This contrasts with a significantly higher apparent geothermal gradient developed in the amphibolite-facies domains along granite-greenstone contacts on the northern margin of the belt and within greenstone remnants in the far south of the BGGT. The main body of the greenstone belt, although at lower metamorphic grades, also records a signature of relatively high apparent geothermal gradient. In addition to reviewing these metamorphic findings and their significance, this study will propose a model for the development of the dome-and-keel pattern, within the framework of an orogenic process.
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5.7-1.1. Stratigraphy
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5.7-1. EVIDENCE FOR ACCRETIONARY OROGENY IN THE BGGT
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The general stratigraphy of the BGB appears to confirm the importance of tectonic processes in the history of the belt. The stratigraphy of the BGB is subdivided into three main groups, from bottom to top these are the Onverwacht, Fig Tree and Moodies Groups (Viljoen and Viljoen, 1969c; Anhaeusser et al., 1981, 1983; Lowe and Byerly, 1999). The 3.55–3.25 Ga Onverwacht Group predominantly consists of mafic/ultramafic lavas, interstratified with cherts, rare clastic sedimentary rocks and felsic volcanic rocks. The 3.25–2.23 Ga Fig Tree Group is an association of felsic volcaniclastic rocks, together with clastic and chemical [banded iron formation (BIF)] sedimentary rocks. The 3.22–3.21 Ga Moodies Group is made of sandstone and conglomerates. The Onverwacht, and, to some degree, the Fig Tree, Groups show different stratigraphies in the northwestern and southeastern parts of the BGB (Viljoen and Viljoen, 1969c; Anhaeusser et al., 1981, 1983; de Wit et al., 1992; de Ronde and de Wit, 1994; Lowe, 1994; Lowe and Byerly, 1999; Lowe et al., 1999; de Ronde and Kamo, 2000). In the west, the Onverwacht Group is mostly 3.3–3.25 Ga, whereas it is much older in the eastern part of the belt (3.55-3.3 Ga). Furthermore, the details of the stratigraphic sequences on both sides cannot be correlated, confirming that the two parts of the belt evolved via a similar, yet independent history. The boundary between the two domains is tectonic and corresponds to the Inyonka–Saddleback fault system, described below. This structure spans the length of
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the belt from the Stolzburg syncline near Badplaas in the south, to the northern extremity at Kaapmuiden.
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5.7-1.3. The Inyoka–Inyoni Fault System
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At least five major phases of deformation have been identified in the BGB (de Ronde and de Wit, 1994; Lowe, 1999b; Lowe et al., 1999). Early D1 (ca. 3.45 Ga old) deformation is occasionally preserved in lower Onverwacht Group rocks. However, the dominant tectonic event recorded in these rocks occurred between 3.25 and 3.20 Ga. Four (or five) successive deformation phases related to this event are identified. The first (D2a ) deformation occurred during the deposition of the sedimentary and felsic volcanic rocks of the Fig Tree Group, at 3.25–3.23 Ga, probably associated with the development of a volcanic arc in what is now the terrane to the west of the Inyoni–Inyoka fault system (discussed below). At ca. 3.23 Ga (D2b ), a dominant period of deformation resulted from the accretion of the two terranes along the Inyoni–Inyoka fault system. The D2 accretion was immediately followed, at ca. 3.22–3.21 Ga, by the syn-tectonic (D3 ) deposition of the sandstone and conglomerates of the Moodies Group in small and discontinuous, fault-bounded basins (Heubeck and Lowe, 1994a, 1994b). The D3 deformation is at least in part extensional, with normal faulting in the BGB (upper crust) and core complex exhumation followed by diapiric rise of gneissic domes in the lower crust (surrounding granitoids) (Kisters et al., 2003, 2004). This event corresponds to post-collisional collapse. Late, ongoing compression resulted in strike-slip faulting and folding of the whole sequence, including the Moodies Group, during D4 and D5 deformation.
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5.7-1.2. Tectonic History of the BGB
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Within the BGB, the main D2 structure is the “Inyoka–Saddleback fault”, which is developed approximately parallel to the northwestern edge of the belt (Lowe, 1994, 1999; Lowe et al., 1999). This fault forms the boundary between the northwestern and southeastern facies of the Onverwacht Group. The fault system also contains several layered mafic/ultramafic complexes (Anhaeusser, 2001), which may correspond to fragments of oceanic crust trapped in a suture zone. On a larger scale, this zone corresponds to a geophysical boundary within the Kaapvaal craton that extends for several hundreds of kilometers along strike and separates two geophysically and geochronologically distinct terranes (Poujol el al., 2003; de Wit et al., 1992; Poujol, this volume). The Inyoka–Saddleback fault is made of a network of subvertical faults that were active during several of the later deformation events described above, leading to a complex history. It is interpreted to be a D2 thrust, that was steepened during subsequent (D3 –D5 ) deformation. Further south in the granitoid dominated terrane, a ductile north–south trending shear zone runs from the southern termination of the Stolzburg syncline towards the Schapenburg schist belt, some 30 km further south. This zone, called the “Inyoni shear zone” (ISZ: Kisters et al., 2004; Moyen et al., 2006), is a major structure in the granitoid terrane south of the BGB; it separates the ca. 3.2 Ga Badplaas gneisses to the west, from the ca. 3.45 Ga
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5.7-2. Metamorphic History of the Eastern Terrane
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Stolzburg pluton in the east, mirroring the difference between the relatively young, western “Kaap Valley” block and the older terranes (Songimvelo, etc.; Lowe, 1994) to the east of the Inyoka–Saddleback fault. Thus, the ISZ is possibly a lower crustal equivalent of the Inyoka–Saddleback fault system.
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5.7-2.1. The Stolzburg Terrane
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Amphibolite facies metamorphic domains have been investigated in detail in both the Eastern and Western domains around the BGGT (Fig. 5.7-1). These potentially provide a window into the lower or middle crust of different portions of the orogen.



12 13



3



6



5.7-2. METAMORPHIC HISTORY OF THE EASTERN TERRANE
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One of the best studied high-grade regions in the BGGT is known as the “Stolzburg terrane” (Kisters et al., 2003, 2004), which crops out to the south of the BGB, and corresponds to a portion of the “Songimvelo block” of Lowe (1994). The Stolzburg terrane is comprised of ca. 3.45 Ga trondhjemitic orthogneisses of the Stolzburg, Theespruit and other plutons. The terrane contains greenstone material in the form of amphibolite-facies greenstone remnants along the pluton margins, as well as amphibolite-facies Theespruit Formation rocks along the southern margin of the BGB (Fig. 5.7-1). The greenstone remnants within the granitoid terrane have been interpreted to be part of the Sandspruit Formation of the Onverwach Group (Anhaeusser et al., 1981, 1983; Dziggel et al., 2002) and consist of metamorphosed mafic and ultramafic metavolcanic sequences, with minor metasedimentary units that comprise thin metachert and metamorphosed BIF interbanded with metamorphosed ultramafic and mafic volcanic rocks. In addition to these typical lower Onverwacht Group lithologies, this area also contains an up to 8 m-thick, metamorphosed clastic sedimentary unit, within which are well-preserved primary sedimentary features, such as trough cross-bedding. A minimum age of sediment deposition is indicated by a 3431 ± 11 Ma age of an intrusive trondhjemite gneiss (Dziggel et al., 2002). The youngest detrital zircons within the metasedimentary rocks are 3521 Ma in age, indicating that the sedimentary protoliths were deposited between ca. 3521 and 3431 Ma (Dziggel et al., 2002), and therefore are not significantly older than the “overlying” Theespruit and Komatii Formations. The Stolzburg terrane is bounded to the west by the ISZ, which separates it from the 3.23–3.21 Ga Badplaas pluton, which therefore belongs to the Eastern domain. The northern limit of the Stolzburg terrane is the Komati fault, which corresponds to a sharp metamorphic break between the amphibolite-facies Stolzburg terrane and the greenschistfacies rocks of the main part of the BGB (Eastern domain: Kisters et al., 2003; Diener et al., 2004). Three recent studies are relevant to the metamorphism of this terrane: Dziggel et al. (2002), who studied the metamorphism of rare clastic metasedimentary rocks within greenstone remnants along the southern margin of the Stolzburg pluton; Kisters et al. (2003), who studied the tectonometamorphic history of the northern boundary of the Stolzburg
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Fig. 5.7-2. Typical peak metamorphic textural relationships (left) and P-T estimates (right) for samples from the central Stolzburg terrane: (a) and (b) represent two examples of the post tectonic peak metamorphic textures. On the P-T diagram; (c) BE1 and BE2 illustrate the peak metamorphic conditions as constrained by two of the samples studied by Dziggel et al. (2002). Schematic andalusite-sillimanite-kyanite phase boundaries are included for reference.
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pluton; and Diener et al. (2005), who investigated the tectonometamorphic history of the Tjakastad schist belt (areas c, e, and f on Fig. 5.7-1).
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5.7-2.1.1. Peak of metamorphism Dziggel et al. (2002) documented two types of clastic metasedimentary rocks: a trough cross-bedded, proximal meta-arkose and a planar bedded, possibly more distal, metasedimentary unit of relatively mafic geochemical affinity. The latter are characterized by the peak-metamorphic mineral assemblage diopside + andesine + garnet + quartz. This
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5.7-2. Metamorphic History of the Eastern Terrane



F:dpg15025.tex; VTEX/JOL p. 7



7



1



1



2



2



3



3



4



4



5



5



6



6



7



7



8



8



9



9



10



10



11



11



12



12



13



13



14



14



15



15



16



16



17



17



18



18



19



19



20



20



21



21



22



22



23



23



24



24



25 26



25



Fig. 5.7-2. (Continued.)



27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43



26 27



assemblage (and garnet in particular) is extensively replaced by retrograde epidote. Peakmetamorphic mineral assemblages of magnesio–hornblende + andesine + quartz, and quartz + ferrosilite + magnetite + grunerite have been recorded from adjacent amphibolites and interlayered BIF units, respectively. In these rocks, retrogression is marked by actinolitic rims around peak metamorphic magnesio–hornblende cores in the metamafic rocks, and by a second generation of grunerite that occurs as fibrous aggregates rimming orthopyroxene in the iron formation. The peak metamorphic textures are typically post tectonic and are texturally mature and well equilibrated. Peak pressure-temperature (PT) estimates, using a variety of geothermometers and barometers, for the peak-metamorphic mineral assemblages in all these rock types vary between 650–700 ◦ C and 8–11 kbar (Fig. 5.7-2). As suggested by the texturally well-equilibrated nature of the assemblages, no evidence of the prograde path is preserved. Dziggel et al. (2002) interpreted the relatively high pressures and low temperatures of peak metamorphism to reflect a tectonic setting comparable to modern continent–continent collisional settings, and suggested that the Stolzburg terrane represents an exhumed mid- to lower-crustal terrane that formed a ‘basement’ to the BGB at ca. 3230 Ma.
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5.7-2.1.2. Contacts with the greenstone belt The deformed and metamorphosed margins of the Stolzburg terrane in the north, where it abuts the lower grade greenstone belt, have been studied in two separate areas. Kisters et al. (2003) conducted detailed mapping of the contacts between the supracrustal and gneiss domains along the southern margin of the greenstone belt. They documented an approximately 1 km wide deformation zone that corresponds with the position of the heterogeneous and mélange-like rocks of the Theespruit Formation, within which two main strain regimes can be distinguished (Fig. 5.7-3). Amphibolite-facies rocks at, and below, the granite–greenstone contacts are characterized by rodded gneisses and strongly lineated amphibolite-facies mylonites. Lineations developed in the BGB either side of the Stolzburg syncline are brought into parallelism by unfolding around the inclined fold axis of the syncline, suggesting extension prior to folding. When rotated into a subhorizontal orientation, the bulk constrictional deformation at these lower structural levels records the originally vertical shortening and horizontal, NE–SW directed stretching of the mid-crustal rocks. The prolate coaxial fabrics are overprinted by greenschist-facies mylonites at higher structural levels that cut progressively deeper into the underlying high-grade basement rocks. These mylonites developed during non-coaxial strain and kinematic indicators consistently point to a top-to-the-NE sense of movement of the greenstone sequence with respect to the lower structural levels. This relationship between bulk coaxial NE–SW stretching of mid-crustal basement rocks and non-coaxial, top-to-the-NE shearing along retrograde mylonites at upper crustal levels is consistent with an extensional orogenic collapse of the belt and the concomitant exhumation of deeper crustal levels. The dominant peak metamorphic assemblage within preserved amphibolite-facies domains throughout the study area is hornblende + plagioclase + sphene + quartz. Other locally developed assemblages are: garnet + hornblende + plagioclase + sphene + quartz, and garnet + plagioclase + hornblende + calcite + biotite + epidote + quartz in metamafic rocks; and garnet + biotite + muscovite + quartz in a single metapelitic layer. All the garnet-bearing assemblages are confined to specific narrow layers developed parallel to the compositional banding of the rocks (S0 ). In all cases, retrogression is associated with the development of later shear fabrics (S1 in retrograde mylonites) that postdate the peak-metamorphic porphyroblasts. Kisters et al. (2003) interpreted these features to suggest a primary bulk-compositional control (Fe/Fe+Mg ratios and the presence of carbonate) on the distribution of the garnetbearing peak-metamorphic assemblages, and that these assemblages are probably metamorphic grade equivalents of the predominant peak assemblage in the amphibolites. Peak P-T conditions were constrained using the assemblages garnet + plagioclase + hornblende + biotite + quartz, and garnet + plagioclase + hornblende + biotite + quartz + epidote + calcite, which yielded P-T estimates of 491±40 ◦ C and 5.5±0.9 kbar, and 492±40 ◦ C and 6.3 ± 1.5 kbar, respectively. Retrogression is marked by the development of actinolite + epidote + chlorite + quartz assemblages in the metamafic rocks and muscovite + chlorite + quartz in the metapelitic layer. These conditions are at lower grades than those defined by Dziggel et al. (2002), but are developed along a similarly low apparent geothermal gradient.
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5.7-2. Metamorphic History of the Eastern Terrane
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Fig. 5.7-3. Schematic cross-sections across granite–greenstone contacts from the Western and Eastern domains of the BGGT. (a) The low to high grade transition in the Stentor pluton area in the Western domain (after Dziggel et al., 2006). (b) The northern boundary of the Stolzburg terrane against the Eastern domain (after Kisters et al., 2003).
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Fig. 5.7-4. Typical peak metamorphic textural relationships (left) and P–T estimates (right) for samples from the Tjakastad area (Diener et al., 2005, 2006): (a) Illustrates two generations of syntectonic garnet development; (b) illustrates a typically deformed plagioclase porphyroblast; (c) illustrates the P-T conditions of metamorphism calculated using assemblages from the Tjarkastad schist belt. The sample numbers in (c) correspond to those used by Diener et al. (2005).
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5.7-3. Metamorphism in the Western Domain
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Diener et al. (2004) investigated the tectonometamorphic history of the Tjakastad schist belt (Fig. 5.7-1), which contains remnants of the Theespruit Formation that predominantly includes amphibolites, felsic volcanoclastic rocks, and minor aluminous metasedimentary rocks. The metamafic and metasedimentary rocks record an identical deformational history to the rocks studied by Kisters et al. (2003), some 5 to 10 km to the northwest. Both the peak metamorphic and retrograde assemblages are syntectonic with fabrics developed during exhumation, illustrating the initiation of detachment at deep crustal levels and elevated temperatures. In contrast with the rocks studied by Kisters et al. (2003), however, the rocks investigated by Diener et al., (2004) provided a better record of the retrograde path. Within the metamafic rocks, more aluminous layers are characterized by the peak metamorphic assemblage garnet + epidote + hornblende + plagioclase + quartz. Within the aluminous metasedimentary unit, an equivalent peak metamorphic assemblage is defined by garnet + staurolite + biotite + chlorite + plagioclase + quartz. These assemblages produce calculated P-T estimates of 7.0 ± 1.2 kbar and 537 ± 45 ◦ C and, 7.7 ± 0.9 kbar and 563 ± 14 ◦ C, respectively (Fig. 5.7-4). In these rocks, the peak metamorphic assemblages are syntectonic, with peak metamorphic porphyroblasts (e.g., staurolite) recrystallised and deformed within the exhumation fabric (Fig. 5.7-4). Within rare low-strain domains in the garnet-bearing amphibolite, retrograde mineral assemblages pseudomorph peak metamorphic garnet. In these sites, a new generation of garnet is developed within the assemblage garnet + chlorite + muscovite + plagioclase + quartz. Calculated P-T estimates from these sites yield conditions of 3.8 ± 1.3 kbar and 543 ± 20 ◦ C, indicating near isothermal decompression (Fig. 5.7-4). This is consistent with the presence of staurolite as part of the peak and retrograde assemblages, with the modeled staurolite stability field in relevant compositions being confined to a narrow temperature range of between 580–650 ◦ C over a pressure range between 10–3 kbar. These calculated P-T conditions are also consistent with the occurrence of sillimanite replacing kyanite within the staurolite-bearing rocks (Diener et al., 2004). Geochronological constraints, combined with the depths of burial, indicate that exhumation of the high-grade rocks occurred at rates of 2–5 mm/a. This is similar to the exhumation rates of crustal rocks in younger compressional orogenic environments, and when coupled with the low apparent geothermal gradients of ca. 20 ◦ C/km, led Diener et al. (2004) to suggest that the crust was cold and rigid enough to allow tectonic stacking, crustal overthickening and an overall rheological response very similar to that displayed by modern, doubly-thickened continental crust.
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The metamorphic history of the Western domain is less well understood than the Stolzberg terrane, as fewer studies have been conducted and these are more widespread, making the relationships between the study areas less obvious. Two studies are relevant to this discussion: the study by Dziggel et al. (2006), who investigated the tectonometamorphic history of the northern contact of the BGB, where it is in contact with the Stentor
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pluton [area (a) in Fig. 5.7-1]; the study by Stevens et al. (2002), who investigated the metamorphic history of the Schapenburg schist belt [area (b) in Fig. 5.7-1]. This study area lies along the southern extension of the ISZ, which is believed to anastomose around the Schapenburg schist belt. This belt is included in the Western domain on account of it displaying a similar apparent geothermal gradient to that documented by Dziggel et al. (2006). An important difference between the Western and Eastern domains is that the Eastern domain contains an abundance of granitoid intrusions (Badplaas, Nelshoogte and Kaapvalley) that are essentially syntectonic with the ca 3.23 Ga deformation. 5.7-3.1. Schapenburg Schist Belt The Schapenburg schist belt is one of several large (approximately 3 × 12 km) greenstone remnants exposed in the granitoid-dominated terrane to the south of the BGB and is unique in that it contains a well-developed metasedimentary sequence in addition to the typical mafic-ultramafic volcanic rocks (Anhaeusser, 1983). Stevens et al. (2002) conducted an investigation of the metamorphic history of the belt, which is summarized below. The metasedimentary sequence consists of two distinctly different units. A metatuffaceous unit, essentially of granitoid composition, but containing both minor agglomerate layers and, within low strain domains, well preserved cross-bedding and graded bedding in the southwestern portion of the belt. This unit underlies a rhythmically banded unit of metagreywacke that consists of approximately 10 cm-thick units of formerly clayrich rock that grade into 1 to 2 cm thick quartz-rich layers. On the basis of both the graded bedding and trough cross-bedding in the underlying meta-tuffaceous unit, the metasedimentary succession can be shown to young to the east. This succession is overlain by Onverwacht Group rocks. Detrital zircons within the metasedimentary rocks have ages as young as 3240 ± 4 Ma and thus are correlated with the Fig Tree Group in the central portions of the BGB some 60 km to the north, where they are metamorphosed to lower greenschist facies grades. The Schapenburg schist belt metasedimentary rocks are relatively K2 O-poor and are commonly characterized by the peak metamorphic assemblage garnet + cordierite + gedrite + biotite + quartz ± plagioclase. Other assemblages are garnet + cummingtonite + biotite + quartz, cordierite + biotite + sillimanite + quartz and cordierite + biotite + anthophyllite. In all cases, the post-tectonic peak assemblages are texturally very well equilibrated (Fig. 5.7-5) and the predominantly almandine garnets from all rock types show almost flat zonation patterns for Fe, Mg, Mn and Ca. Consequently, there appears to be no preserved record of the prograde path. Analysis of peak metamorphic conditions using FeO-MgO-Al2 O3 -SiO2 -H2 O FMASH reaction relations, as well as a variety of geothermometers and barometers, constrained the peak metamorphic pressure-temperature conditions to 640 ± 40 ◦ C and 4.8 ± 1.0 kbar. The maximum age of metamorphism was defined by the 3231 ± 5 Ma age of a syntectonic tonalite intrusion into the central portion of the schist belt. In combination with the age of the youngest detrital zircons in the metasedimentary rocks, this age demonstrates that sedimentation, burial to mid-crustal depths (∼18 km), and equilibration under amphibolite facies conditions were achieved in a time span of between 10–20 Ma.
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Fig. 5.7-5. Typical peak metamorphic textural relationships (left) and P-T estimates (right) for samples from the Schapenburg schist belt (Stevens et al., 2002): (a) and (b) illustrates the typically post tectonic character of the peak metamorphic minerals (garnet in (a) and garnet and orthoamphibole in (b); (c) P-T diagram illustrating the calculated conditions of peak metamorphism. The sample numbers correspond to those used by Stevens et al. (2002).
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5.7-3.2. Stentor Pluton Area
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Dziggel et al. (2006) showed that the granitoid–greenstone contact along the northern margin of the BGB is characterized by a shear zone that separates the generally low-grade, greenschist-facies greenstone belt from mid-crustal basement gneisses. The supracrustal rocks in the hangingwall of this contact are metamorphosed to upper greenschist facies, whereas similar rocks and granitoid gneisses in the footwall are metamorphosed to amphibolite facies. Within the amphibolite facies domain, metamafic rocks are characterized
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Fig. 5.7-5. (Continued.)
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by the assemblages hornblende + plagioclase + quartz; hornblende + plagioclase + clinopyroxene + quartz and hornblende + plagioclase + garnet + clinopyroxene + quartz. Aluminous schists from this domain contain the peak metamorphic assemblage garnet + muscovite + sillimanite + biotite + quartz. Calculated P-T estimates on these assemblages constrain the peak P-T conditions of metamorphism to between 600 and 700 ◦ C and 5 ± 1 kbar (Fig. 5.7-6). This corresponds to an elevated geothermal gradient of ∼30–40 ◦ C/km. The peak metamorphic minerals in this area are syntectonic with fabrics that are interpreted to have formed during exhumation of the high grade rocks at ca 3.23 Ga. Retrograde assemblages that form through the replacement of peak metamorphic clinopyroxene and plagioclase in the metamafic rocks by coronitic epidote + quartz and actinolite + quartz symplectites yield retrograde P-T conditions of 500–650 ◦ C and 1–3 kbar. This indicates that exhumation and decompression commenced under amphibolite facies conditions (as indicated by the synkinematic growth of peak metamorphic minerals during extensional shearing), followed by near-isobaric
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Fig. 5.7-6. Typical peak metamorphic textural relationships (left) and P-T estimates (right) for samples from the Stentor pluton area (Dziggel et al., 2006): (a) and (b) illustrate the mineral assemblages studied by Dziggel et al. (2006); (c) P-T diagram, with sample numbers used by Dziggel et al. (2006).
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cooling to temperatures below 500 ◦ C. The last stages of exhumation are characterized by solid state doming of the footwall gneisses and strain localization in contact-parallel greenschist-facies mylonites that overprint the decompressed basement rocks. The southern margin of the Stentor pluton area is bounded by the Kaap River and Lily faults (Fig. 5.7-1). These correspond to a major metamorphic break, from 6–8 kbar in the amphibolitic domain, to nearly unmetamorphosed supracrustal rocks in the BGB immediately south of the faults (Otto et al., 2005; Dziggel et al., 2006).
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41 42 43



40 41



The Inyoni shear zone (ISZ) is a complex structure extending in a southwesterly direction from the termination of the Stolzburg syncline into the granitoid dominated terrane to
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Fig. 5.7-6. (Continued.)
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the south (area (d) in Fig. 5.7-1). It forms the boundary between the Stolzburg terrane to the east and the Badplaas pluton to the west. Both Dziggel et al. (2002) and Moyen et al. (2006) have investigated the metamorphic history of the ISZ. The shear zone contains a diverse assemblage of greenstone remnants, mostly typical lower Onverwacht Group interlayered metamafic and meta-ultramafic units, with occasional minor BIF horizons, but some clastic metasedimentary rock also occur (Dziggel et al., 2002). The greenstone fragments are enclosed within TTG orthogneisses, components of which were intruded syntectonically during, or close to, the peak of metamorphism. Structures in the Inyoni shear zone are complex, and result from the interference of: (1) east–west shortening, resulting in the formation of a predominantly vertical foliation, with symmetrical folds and the development of a crenulation cleavage at all scales (from the map pattern to hand specimen); and (2) vertical extrusion of the Stolzburg terrane, causing the development of a syn-melt vertical lineation, and folds with vertical axes. Evidence for earlier structures has also been described, in the form of rootless isoclinal folds in some of the supracrustal remnants.
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A) Within the BGB proper
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Table 5.7-1.
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5 kbar (ca. 15 km) can be documented across the sheared contacts, over just a few kilometers laterally. This transition occurs in a zone of high-strain rocks (up to mylonites) that record a normal sense of movement with the low-grade greenstone belt being down-thrown relative to the surrounding amphibolite-facies gneisses. In essence, these zones define the cuspate granite-greenstone contacts of the “dome and keel” pattern. Peak metamorphism in these areas is syntectonic with the exhumation process, which is continuous as the margin of the uplifted block evolved into greenschist facies conditions. (3) In those parts of both the Eastern and Western domains, peak metamorphic conditions away from the greenstone belt are post-tectonic. This indicates coherent behavior of the exhumed deep crust, in that the mappable domains discussed here, such as the Stolzburg terrane, represent largely intact deep crustal sections that were exhumed along discrete shear zones along the granite-greenstone contacts. This lack of penetra-
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Fig. 5.7-8. Compilation diagram of P-T estimates of the studies discussed in this paper. Strong evidence for decompression exists in the samples from the Inyoni shear zone, the Tjakastad schist belt and the Stentor pluton. The rocks of the Eastern domain clearly underwent a peak of metamorphism in the kyanite stability field, potentially recording heating during exhumation from greater depths than the recorded pressures indicate. Peak metamorphic conditions in the Western domain were in the sillimanite stability field.
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Fig. 5.7-9. Proposed geodynamic model for the ca. 3.2 Ga accretionary orogen in the BGGT. All cartoons are at approximately the same scale, looking towards the (present-day) northeast; the front section of each block corresponds to a NW–SE cross-section. In each cartoon, the active plutonism is in black, while the already emplaced rocks are grey. Plutons: B: Badplaas, N: Nelshoogte, KV: Kaapvalley, S: Stolzburg, Ts: Theespruit. Structures: IF: Inyoka–Saddleback fault, ISZ: Inyoni shear zone. Cartoons are modified from (Moyen et al., 2006). Circled letters (A, B, C, D) in the figures correspond to the Theespruit Formation of the Tjakastad schist belt (Diener, 2005), the ISZ samples (Moyen et al., 2006), the Schapenburg schist belt (Stevens, 2002), and the Stentor pluton area (Dziggel et al., 2006), respectively. The P-T evolution of points A, B and C during the assembly and collapse phases of the orogen are illustrated in the P-T diagrams presented below the second and third cartoons.
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tive post-peak metamorphic deformation internal to the terranes appears inconsistent with the diapiric rise of plastically deforming domes. (4) The peak P–T estimates for the ISZ, as well as the mélange-like character of the zone (Moyen et al., 2006), confirm this zone as a terrane boundary and the possible trace of the subduction zone that closed to allow crustal collision. The pressures reported for this zone (P = 12 to 15 kbar) are, at present, the highest crustal pressures reported for meso-Archean rocks, and correspond to by far the lowest known apparent geothermal gradients (12 ◦ C km−1 ) in the Archean rock record. In the modern Earth, the only process capable of producing crustal rock evolution through this P–T domain occurs within subduction zones.
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5.7-5.1. The Case for 3.2 Ga Cold Crust and Horizontal Tectonics The case for cool continental crust in the BGGT prior to 3.23 Ga is convincing. The rocks of the Stolzburg terrane represent an approximately 400 km2 domain of rocks that were buried to depths of 35–40 km. Internally to this domain, peak metamorphic equilibration occurred, in rocks that were not undergoing deformation, to record an amphibolite facies apparent geothermal gradient no higher than those recorded by younger metamorphic rocks from ocean-continent collision zones. This occurred simultaneously with syntectonic peak metamorphism in the terrane margins, where deformation was driven by the exhumation of the high-grade portions of the thickened crust. The presence of crustal rocks recording pressures of 12–15 kbar and an apparent geothermal gradient of 12 ◦ C km−1 , in the setting of a shear zone containing both metasedimentary and metamafic rocks at variable grades of peak metamorphism, is used to suggest that this zone marks the prior existence of a subduction zone. The abundance of synkinematic trondhjemites in the shear zone is likely to be the result of decompression melting of amphibolites at deeper levels during exhumation. The presence of these melts is possibly important to understanding the documented metamorphic signature. High-strain fabrics confined to synkinematic trondhjemites point to strain localization in the melts, which, in turn, is likely to assist the buoyancy- or extrusion-related exhumation of the rocks. The advective heat transfer associated with the intrusion of these synkinematic magmas also contributes to the syn- to late-collisional heat budget of the collisional belt that acted to partially destroy the evidence for the earlier high-pressure, low-temperature metamorphism. This possibly holds the key to understanding the very high geothermal gradients recorded by the high-grade rocks of the western domain following uplift (50–60 ◦ C km−1 ), as much of the crust that constitutes the western domain comprises syntectonic magmatic rocks.



43



4 5 6 7 8 9 10



12



14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39



5.7-5.2. Are the BGGT Domes Core Complexes?
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Sections of the Pilbara Craton in Western Australia and the BGGT show numerous regional-scale similarities. For this discussion the most notable of these are the typical
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dome-and-keel geometries between TTG domes and greenstone synforms, and the localized occurrence of high-pressure, low- to medium-temperature metamorphism of the supracrustal sequences (Collins et al., 1998; Van Kranendonk et al., 2002; Van Kranendonk, 2004a). Importantly, despite these similarities, completely different models have arisen for the evolution of the Archean crust in these two areas. Tectonic models proposed to account for the high-grade metamorphism of greenstone sequences in the Pilbara Craton critically hinge on a high rate of heat production in the Mesoarchean crust, that is assumed to be in excess of twice typical modern day rates (e.g., Sandiford and McLaren, 2002) and has produced significant weakening of the crust (e.g., Marshak, 1999). Thus, the high-grade metamorphism, special thermal regime and widespread constrictional-type strains recorded in the Pilbara supracrustal succession, are interpreted to indicate the gravitational sinking and burial of denser, mainly mafic and ultramafic greenstone rocks along the flanks of, and between, buoyant and rising TTG diapirs, a model known as partial convective overturn of the crust (e.g., Collins et al., 1998; Van Kranendonk et al., 2002, 2004a). In contrast, the 3.23 Ga structural evolution of the Stolzburg terrane in the BGGT has been interpreted to be the result of core-complex like exhumation of the lower crust, probably in a post-collision setting (Kisters et al., 2003). The following points appear to argue strongly against partial convective overturn of the crust in the BGGT of the type proposed for the Pilbara Craton. (1) The southern contact of the BGB with the Stolzburg terrane is marked by mainly prolate fabrics. These are exhumation fabrics and they are not related to the burial or sinking of the supracrustal sequence. (2) The highest pressures (8–11 kbar by Dziggel et al. (2002), and 12–15 kbar by Moyen et al. (2006)) are documented from the southern TTG terrain and not in the greenstone sequences. Indeed, the felsic plutonic rocks contain metamorphic assemblages recording significantly higher pressures than the flanking greenstones. (3) In addition, the low apparent geothermal gradient in the exhumed basement to the south of the BGGT appears inconsistent with an essentially thermally driven process. Despite these important differences, there are some similarities in the processes proposed for the two areas. After initiation of exhumation of the granitoid domains along the extensional detachment in the southern BGGT, there is a transition from extensional, to buoyancy driven rise, and the final emplacement of the gneissic “domes” may well be aided by the buoyancy contrast between the gneisses and the mafic greenstones. In the later stage, ascent of the coherent basement blocks causes the development of a predominantly linear fabric, with vertical stretching lineations along their margins. Unlike the scenarios proposed in other, similar, dome-and-keel terranes, the ascent here occurs after an initial stage of extensional collapse, and affects not single magma batches (plutons), nor migmatitic complexes, but essentially chunks of solid, composite continental crust made of several well-identified plutons and surrounding volcanosedimentary sequence (within which lithological relationships, including intrusion relationships between the plutons and the supracrustal rocks ca. 200 Ma prior to the orogenic history, are often well-preserved). This is mostly a solid-state process, although syntectonic intrusion into the high-strain mar-
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gins is common and possibly important in achieving the significant vertical displacement recorded by the magnitude of the metamorphic pressure differences across the margins. This late evolution and steepening of bounding shear zones to close to vertical is not classically known from modern core complexes, but seems to correspond to a unique Archean process that is essentially driven by the buoyancy contracts between the mafic/ultramafic lower sections of the greenstone belt stratigraphy and the granitoid middle and lower crust. It may be possible that in Archean orogens (at least in the BGGT), crustal thickening followed by orogenic collapse quickly evolves into buoyancy driven, near-vertical emplacement of the lower-crustal domains as a result of the higher density contrast between the heavy upper crust (dominated by mafic/ultramafic rocks) and the felsic lower crust (TTG gneisses), resulting in a density inversion and an unstable density stratification. Such a situation is not commonly attained in modern orogens, where the upper crust is made of lighter gneisses or sediments, and the lower crust of dense eclogites or granulites. It might be tempting to also propose a higher Archean heat production, causing a generally softer lithosphere, and facilitating bulk diapiric rise of the crust. In the case of the BGGT, this does not appear to fit either the relatively low-temperature, high-pressure metamorphic signature of the Western domain, or the strain localization patterns associated with the uplift of this rather rigid crustal block.
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