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ABSTRACT
Besides impact melt rock, several large terrestrial impact structures, notably the Sudbury (Canada) and Vredefort (South Africa) structures, exhibit considerable occurrences of a second type of impact-generated melt rock, so-called pseudotachylitic breccia (previously often termed “pseudotachylite” – the term today reserved in structural geology for friction melt in shear or fault zones). At the Vredefort Dome, the eroded central uplift of the largest and oldest known terrestrial impact structure, pseudotachylitic breccia is well-exposed, with many massive occurrences of tens of meters width and many hundreds of meters extent. Genesis of these breccias has been discussed variably in terms of melt formation due to friction melting, melting due to decompression after initial shock compression, decompression melting upon formation/collapse of a central uplift, or a combination of these processes. In addition, it was recently suggested that they could have formed by the infiltration of impact melt into the crater floor, coming off a coherent melt sheet and under assimilation of wall rock, and even by seismic shaking. Field evidence for generation of such massive melt bodies by friction on large shear / fault zones, or that massive pseudotachylitic breccias could be generated in rocks of low to moderate shock degree by melting upon pressure release after shock compression, is missing. The available petrographic and chemical evidence has, thus, been interpreted to favor either decompression melting (i.e., in situ generation of melt) upon central uplift collapse, or the impact melt infiltration hypothesis. The efficacy of seismic shaking to achieve sufficient melting as a foundation for massive pseudotachylitic melt generation as typified by the breccias of the Sudbury and Vredefort structures has so far remained entirely speculative. Importantly, all the past clast population and chemical analyses have invariably supported an origin of these breccias from local lithologies only.

Here, the first Rb-Sr, Sm-Nd, and U-Pb isotopic data for Vredefort pseudotachylitic breccias and their host rocks, in comparison to data for Vredefort Granophyre (impact melt rock), are presented. They strongly support that the pseudotachylitic breccias were exclusively formed from local precursor lithologies – in agreement with earlier isotopic results for Sudbury Breccia and chemical results for Vredefort pseudotachylitic breccias. A contribution from a Granophyre-like impact melt component to form Vredefort pseudotachylitic breccia is not indicated. The most likely process for the genesis of voluminous pseudotachylitic breccias in large impact structures remains decompression melting upon formation and collapse of the central uplift, during the modification stage of impact cratering. 
1. INTRODUCTION
 Terrestrial impact structures, especially those formed in crystalline targets, sometimes have significant occurrences of two types of impact-generated melt rock (e.g., reviews by Dressler and Reimold, 2001, 2004; French and Koeberl, 2010): (1) impact melt rock (Stöffler and Grieve, 2007) is formed in a regime relatively close to the point of impact where target rock is essentially bulk melted; this melt is then mixed to varied degrees with target rock clasts. And (2), several impact structures contain so-called pseudotachylitic breccia (in the following abbreviated PTB, cf. Reimold, 1998; Reimold and Gibson, 2005, 2006). In former literature these breccias were often referred as “pseudotachylite” (historically: “pseudoitachylyte”), the term that is these days reserved in structural geology for friction melt; e.g., Reimold and Gibson, 2006). The two foremost provinces of pseudotachylitic breccia formation, with widespread and in part massive occurrences, are the largest and oldest terrestrial impact structures known to date: Vredefort (South Africa) of 2.02 Ga age and thought to have originally measured 250-300 km in diameter (Gibson and Reimold, 2008) and Sudbury (Canada) of 1.85 Ga age and likely 200-250 km original diameter (Grieve et al., 2008). It was estimated that the amount of PTB in evidence in the crystalline core of the Vredefort Dome (the central uplift of the Vredefort impact structure) is 0.4 area%, and that for the surrounding supracrustal collar 0.05 area% (Killick and Reimold, 1990). These values translate to a volume of up to 0.8 km3 for a 100 m thick rock layer across the ca. 45 km wide central “core” of the Dome.

There are several possible modes for genesis of these sometimes exceptionally voluminous melt rocks. This includes friction melting, melting due to decompression immediately after shock compression in the earliest stage of impact cratering (in older literature termed “shock compression melting”), decompression melting upon central uplift formation/collapse in large impact structures, and due to combination of shear heating (i.e., upon friction) and these other two processes. Recently, a further process involving infiltration of the crater floor by impact melt coming off a coherent melt sheet and concomitant assimilation of wall rock was proposed (Riller et al., 2010; Lieger et al., 2012). In addition, the possibility of so-called seismic shaking to produce melt at ultra-high strain rates at the microscopic scale has been promoted in recent years (e.g., Spray, 2016), especially as an agent for target weakening as a prerequisite of acoustic fluidization (Melosh, 1979, 1996) during central uplift formation.

Clearly, we still have not resolved the genesis of much of these enigmatic melt breccias in impact structures. Some of the complications that need to be considered when studying such melt breccias in impact settings can be illustrated with an excerpt from a recent publication by Fairchild et al. (2016). They discussed that breccia dikes in impact structures are “differentiated primarily by their matrix composition and include: (1) pseudotachylites (matrix dominated by impact melt glass generated in situ; [references cited by the authors omitted for brevity]), (2) impact melt dikes (intrusion of impact melt from the crater melt sheet, […]), and (3) lithic breccia dikes (clastic matrix free of impact melt; […]). Pseudotachylites are emplaced during shock compression, whereas thicker lithic breccia dikes are interpreted to be emplaced after the passage of the shock wave, during dilatation of the target rock and excavation of the transient crater [references])” (p.723). This statement does not take heed of the existence of other breccia types in crater floors – such as injections of suevite or monomict breccia dikes. Furthermore, so-called “impact pseudotachylites” could have multiple formation processes and are likely produced during several stages of cratering – due to pressure release after shock compression and during later decompression of target rock upon formation of the central uplift (e.g., Martini, 1991, 1992; Mohr-Westheide and Reimold, 2010, 2011). Furthermore, to claim that “matrix composition” is sufficient to distinguish between a pseudotachylite (sensu strictu, namely friction melt) and an impact melt (not to mention ultramylonitic or ultracataclastic rocks) is not satisfactory. To claim that “pseudotachylite” has an “impact glass matrix” is inaccurate – as it is by no means proven that the melt in these lithologies represents only phases generated upon shock pressure release. These and related issues have been discussed in detail in a host of publications, as most recently referred by Reimold et al. (2016). Distinction of impact-generated PTB and tectonic pseudotachylite is also required (see, for example, the reports of pre-impact tectonic pseudotachylite within the realm of the Vredefort impact structure by Reimold and Colliston, 1994 and Berlenbach and Roering, 1992). Thus, the present work is of relevance to both the impact and the wider geological communities.

Reimold (1998) recommended to refer to the non-genetic term “PTB - pseudotachylitic breccia” until such time that the genesis of any such melt rock occurrence had been resolved and other genetic nomenclature (for example, “pseudotachylite” or “ultracataclasite”) could be applied. In particular, the term “pseudotachylite” was to be initially avoided, unless evidence favored an origin of melt rock by friction melting (and then it was still to be determined whether this process was active at impact cratering or pre- or post-dated it). It was emphasized that disregard for careful application of nomenclature would hinder the deciphering of the process(es) responsible for the genesis of these enigmatic melt rocks. 

Melt rocks in impact structures are very important for the confirmation of an impact origin of a structure. The possible presence of a meteoritic component mixed into impact melt could be detected, or the presence of shock metamorphosed clasts. Either findings would constitute definitive evidence for an association with impact cratering – e.g., French and Koeberl, 2010; Reimold and Koeberl, 2014; Koeberl, 2014). Melt rocks are also the most suitable material for absolute, radiometric dating of melt formation, i.e., determination of the age of an impact event (Jourdan and Reimold, 2012, and papers therein). In addition, understanding the formation mode(s) for these melt rock type(s) is vital for the interpretation of petrogenetic, chemical, and isotopic data regarding pseudotachylitic breccia formation, as well as, generally, to gain better knowledge about the short-lived impact cratering process as a whole. In this work we present a first comparative isotope study on the two impact-generated melt rocks of the Vredefort impact structure – pseudotachylitic breccia and impact melt rock, the so-called Vredefort Granophyre. 

The type locality for PTB is the Vredefort Dome, the eroded central uplift of the 2.02 Ga (Kamo et al., 1996), originally 250-300 km wide, Vredefort impact structure in South Africa (Gibson and Reimold, 2008; for a recent review, see Reimold and Koeberl, 2014). PTB is the most prominent impact-induced deformation phenomenon in the pre-impact rocks of the Vredefort Dome (Fig. 1a-c). Similar breccias occur in even higher abundance in another very large and ancient impact structure, Sudbury in Canada (the so-called Sudbury Breccia; e.g., Dressler, 1984; Dressler and Reimold, 2004; Lafrance et al., 2008), which is significantly less eroded than the Vredefort impact structure. Lesser but still significant occurrences have been reported, for example, from the Araguainha structure in Brazil (e.g., Machado et al., 2009; Preuss, 2012; Fischer, 2015). However,  in this case it is not clear how many of these occurrences actually represent impact melt injections into the crater floor or locally produced PTB. Also the Siljan structure in Sweden (Kenkmann et al., 2003; Reimold et al., 2015) and Dhala in India (Pati et al., 2015) are well-known for pseudotachylitic breccia occurrences. At Vredefort, PTB occur as microscopic veins, as abundant centimeter-thick veins, and decimeter to meter wide dikes (examples are shown in Fig. 1), and as up to kilometer long and tens of meter-wide breccia zones (Dressler and Reimold, 2004; Reimold and Gibson, 2006; Mohr-Westheide and Reimold, 2010).

The focus of the present study is the controversy about the origin of the PTB melt breccias, and particularly the massive occurrences of such breccias. Field work in the Vredefort Dome has consistently shown that macro- to mesoscopic evidence of shearing (such as significant displacement of markers, e.g., lithological contacts or pegmatite veins) is very rare, and with limited displacements, at PTB vein/dike occurrences. Here and in the Sudbury structure there are no major melt breccia volumes that can be related to important faults/shear zones to allow formation of voluminous friction melts, as postulated by Spray (1997). Melosh (2005) noted that the occurrence of thick melt breccia veins and massive networks poses a serious problem for any theory invoking frictional melting, as once melt appears in abundance, it lubricates the fault interface and decreases the friction coefficient so that no further melt can be produced.
The impact melt rock (Vredefort Granophyre) consistently has a clast population dominated by material derived from the Archean basement granite and the supracrustals of the Witwatersrand Supergroup (quartzite and shale; see next section: Vredefort Geology). In contrast, only very limited incorporation of apparently exotic lithic clasts to a host rock-based clast population has been described from any Vredefort PTB – both at micro- and macro-scales. Where such rare clasts could be seen, they could always be linked to lithologies occurring within less than 50 m from the respective PTB study site (e.g., Reimold and Colliston, 1994; Reimold and Gibson, 2006). At certain places shearing is indicated, but only involving millimeter- to decimeter-scale displacements. Our investigations of centimeter to several decimeter wide breccias has only ever provided evidence for limited material transport (mostly <25 cm, Mohr-Westheide and Reimold, 2010, rarely up to a meter; also Dressler and Reimold, 2004). Consequently, friction melting has not been favored for the formation of extensive PTB occurrences at Vredefort. Melting due to decompression after shock compression is not a likely process to generate massive volumes of PTB either (cf. Martini, 1991). This author distinguished between two types of PTB: thin veins formed as a consequence of decompression directly after shock compression, and massive occurrences related by him to the modification phase of cratering, i.e., decompression as a consequence of central uplift formation. Parallel but well-separated PTB margins and other structural geological evidence indicate significant dilation was involved with emplacement of many PTB veins (e.g., Riller et al., 2010; Mohr-Westheide and Reimold, 2010, 2011). Mohr-Westheide and Reimold (2011) proposed decompression melting to generate PTB melt as a result of the ultradynamic formation of a central uplift complex in a large impact structure, and PTB melt emplacement into dilation sites under the extensional regime associated with this stage of cratering. As a result of uplift collapse, melt could then be dispersed into smaller veins in the environs of such pools (for which there is much micropetrographic evidence – Mohr-Westheide (2011); Mohr-Westheide and Reimold, 2010; Lieger, 2011).  

The presence of high-pressure mineral polymorphs (coesite, stishovite) in millimeter-wide PTB veinlets in arenite of the outer Vredefort Dome (the so-called collar of the Dome – see next section) was reported by Martini (1991). This provides evidence for a shock (plus/minus friction) origin of, at least, these narrow breccia veinlets – analogous to the up to centimeter-wide so-called “shock veins” known from many chondritic meteorites (e.g., Xie et al., 2006; Sharp et al., 2015). However, the mapped zones of enhanced PTB development (especially where the massive occurrences are located) at Vredefort (Reimold and Colliston, 1994; Reimold and Gibson, 2006; Lieger et al., 2009) do not correspond to areas of enhanced shock degree.
 Detailed chemical and microchemical studies (Reimold, 1991; Mohr-Westheide and Reimold, 2010; Mohr-Westheide, 2011; Harris et al., 2013; Lieger, 2011; Reimold et al., 2016) have shown for numerous examples of host rock-PTB pairs that the chemical compositions of variably sized PTB occurrences from Vredefort can be related exclusively to those of the hosting lithology or mixing of material from more than one local precursor lithology. This has long been taken as evidence for in situ formation of PTB melt by processes akin to the melting related to friction-generated pseudotachylite (i.e., cataclasis followed by melting of mechanically weak and hydrous minerals – e.g. Reimold, 1991; Spray, 1995). 
While this work is focused on the pseudotachylitic breccias of the Vredefort Dome, it should not be forgotten that much detailed work has been carried out in the last decades on the Sudbury Breccia of the Sudbury impact structure (Canada) as well (e.g., Dressler, 1984; Müller-Mohr, 1992; Lafrance et al., 2008). It should here just be noted that Lafrance et al. (2008) established an origin of Sudbury Breccia from known local precursor rocks as well. 


Riller et al. (2010), Lieger et al. (2011), and Lieger and Riller (2012) argued for pseudotachylitic breccia genesis through admixture of an external impact melt component to locally derived material, using binary chemical plots such as Fe2O3+MgO+MnO+TiO2 versus SiO2. Thereby, they did not consider the particular chemistry of the Vredefort Granophyre (Fig. 1d). When taking note of this (especially the elevated contents of Fe, Mg, and Ca), it becomes evident that this precludes the process of admixture of a non-host lithology of Granophyre composition for essentially all melt rock-host rock analysis-pairs (actually, as compiled by Lieger et al., 2011). For example, a pseudotachylitic breccia in quartzite (>85 wt% SiO2) should be characterized after admixture of Granophyre-like melt with 67 wt% SiO2, and approximately 7 wt.% Fe2O3, 3 wt.% MgO, and 4 wt.% CaO by a composition in between those of the quartzite and Granophyre endmembers. De facto this is not the case, as the composition of such pseudotachylitic breccia from Vredefort will closely resemble that of the local host rock (in this example, quartzite). This has been well-established for any host rock type (for a review, see Reimold and Gibson, 2006; Lieger, 2011; Reimold et al., 2016). The most recent chemical results by Harris et al. (2013) and Reimold et al. (2016) have further affirmed that a contribution from a Granophyre-like component is not consistent with observed chemical and stable isotopic differences between PTB and respective host-rock(s). Nevertheless, the controversial idea of “impact melt injection” upon PTB formation/emplacement has been published and needs to be evaluated as done in this contribution. 

Here, first isotopic analysis (Sr-Nd-Pb) of Vredefort PTB, in comparison with data for host rocks and several samples of Granophyre, is employed for this purpose. It is, thus, demonstrated that each suite of PTB and local host lithologies has distinct isotopic characteristics – different for each site, and that a Granophyre-like impact melt component is not required to produce this PTB. After detailed consideration of the validity of the different hypotheses for PTB genesis, a strong case is made in favor of a decompression melting origin for massive Vredefort PTB.  
2. VREDEFORT GEOLOGY
The Vredefort Impact Structure (VIS) is centered about 120 km southwest of Johannesburg (Fig. 2, inset) around the geographic center of the structurally preserved Witwatersrand Basin (Kaapvaal Craton, RSA). The VIS comprises the Vredefort Dome, a currently (i.e., at exposure level) 90-km-wide structural uplift, and the surrounding basin (Gibson and Reimold, 2008). While the Dome is well-exposed in its northern and northwestern sectors, it is largely obscured beneath shale and dolerite sills of the Phanerozoic Karoo Supergroup in the southern and southeastern sectors (Figure 2). The ca. 40 km wide core of the Vredefort Dome (Figure 2) is composed of Archean gneisses and migmatites of ~3.15 to 3.08 Ga age, at which time they were generated during a high-grade (upper amphibolite to granulite facies) dynamothermal metamorphic event (Armstrong et al., 2006; Gibson and Reimold, 2008, and references therein). Main rock types are trondhjemitic and granodioritic gneisses and granites, with subsidiary mafic, ultramafic, metapelitic, and meta-ironstone xenoliths. The crystalline core is surrounded by a 20 to 25 km wide collar that comprises a succession (Fig. 2) of subvertical to overturned, late Archean to early Proterozoic supracrustal strata. These belong to the Dominion Group (meta-lava), Witwatersrand Supergroup (clastic and pelitic metasedimentary rocks), the Ventersdorp Supergroup (meta-lavas), and the Transvaal Supergroup (carbonates and subsidiary argillites and arenites) successively deposited between ~ 3.07 and ~2.15 Ga (Armstrong et al., 1991). In the collar, numerous sills of metamorphosed dioritic rock (the so-called epidiorite) thought to be related to the Ventersdorp Supergroup of ca. 2.7 Ga age (Pybus, 1995; Reimold et al., 2000) crops out.

U-Pb dating on zircon from the two types of impact-generated Vredefort melt rock (PTB and Granophyre) by Kamo et al. (1996) yielded the since accepted Vredefort impact age of 2.02 ± 0.04 Ga (compare also Earth Impact Database, 2017). Besides the Ventersdorp-related diorite emplacement, the basement rocks and supracrustal strata were also intruded by tholeiites related to the 2.06 Ga Bushveld magmatism, and a 1.05 Ga (Kibaran/Grenvillian) monzodiorite (Reimold et al., 2000). It has been estimated that between 7 and 10 km of erosion (McCarthy et al., 1990; Gibson et al., 1998) led to the removal of the impact breccia fill of the VIS and exposed the currently accessible and well-exposed deeper levels of the impact structure.
3. TRACING IMPACT PTB GENESIS WITH ISOTOPIC ANALYSIS
Lafrance and Kamber (2010) were the first to employ isotope analysis to investigate the problematics of pseudotachylitic breccia genesis. They carried out a chemical and U-Pb isotope investigation on Sudbury Breccia (i.e., Sudbury PTB) formed between gabbro and sandstone, or within one of these two country rocks. They also compared their findings for the pseudotachylitic breccia with the U-Pb isotope systematics of the impact melt sheet, the Sudbury Igneous Complex (SIC). They concluded that the “breccias hosted exclusively by sandstone or gabbro have compositions similar to their host rocks” and that the “SIC has distinct chemical and isotopic compositions which argue strongly against the involvement of the impact melt sheet in the make-up of the breccias” (ibid, p. 237). 


Here, we present the first Rb-Sr, Sm-Nd and U-Pb isotopic analyses of Vredefort PTB and their respective host rocks from several sites in the core of the Vredefort Dome. In addition,  samples of Vredefort Granophyre and two mafic lithologies, the epidiorite and the Dominion Group Lava (metabasalt), collected along a Granophyre dike on farm Kopjeskraal in the northwestern sector of the Vredefort Dome (Fig. 2) were analysed. Two mafic Granophyre samples denoted “Mafic Phase” were collected from the same dike but just south of Kopjeskraal on farm Rensburgdrift.

3. SAMPLES and METHODOLOGY  
3.1 Sample Materials

Representative country rocks and PTB were collected from three quarry exposures (Fig. 2, the Kudu, Rand Granite, and Leeukop quarries), where massive dikes or network breccias (Colliston, 1994; Reimold and Gibson, 2008) of PTB occur. All three quarries  are located in the outer parts of the core of the Vredefort Dome within the zone of ca. 10-15 GPa shock degree (Gibson and Reimold, 2005). At the Rand Granite and Leeukop quarries both PTB and granitoid host rocks were sampled. The latter vary in the field from granite to granodiorite, and occasionally dioritic composition, and representative samples of each were analysed. 

At Kudu Quarry, an up to 3 decimeter wide PTB dike is sandwiched between granitic gneiss and a several decimeter wide amphibolite gneiss band (Fig. 1b); all three lithologies were analysed. Vredefort impact melt rock (Granophyre) was obtained from the dike on Holfontein farm (samples WUR-VG and VG-2) within the core of the central uplift, and on Kopjeskraal farm from a dike that straddles the core-collar boundary (Therriault et al., 1996; Wannek, 2015). Here, stratiform epidiorite that was locally stoped through by Granophyre, which assimilated some epidiorite (Reimold et al., 2016), was also sampled and analysed. In addition, two samples of Dominion Group Lava (DGL, metabasalt) were sampled for this work in the direct vicinity of the Kopjeskraal impact melt rock dike. 


Characteristics of PTB samples: Petrographic analysis of these PTB samples and of numerous others from the outer core, and of Granophyre and epidiorite from exposures in the inner collar, provides some observations that are pertinent to this study. All granitic host rocks to PTB are weakly to moderately shocked (one to - very rarely - two sets of decorated PDF in quartz and, even less frequently, in feldspar grains), in agreement with the shock pressure estimation of 10-15 GPa by Gibson and Reimold (2005; also see Reimold et al., 2016 for further petrographic detail for samples from these sites). No melting of these granitic rocks is found, with the exception of small (i.e., submillimeter) loci directly adjacent to PTB. Some of these occurrences are linked to micro-shear fractures that attest to involvement of local shear and friction melting restricted to the millimeter scale. The shock overprint on the Kudu amphibolite is also < 15 GPa (very rare single sets of decorated PDF in quartz). PTB matrices are aphanitic to very fine-grained (microlites and sheaves of tiny feldspar and mafic minerals). The clast populations of all these PTB are dominated by completely to partially annealed (fine-grained recrystallized) quartz and some partially annealed granitic clasts (quartz shows fine-grained mosaics of neoblasts). There are also rare remnants of feldspar, biotite, and amphibole. The Kudu PTB contains amphibole and amphibolite clasts as well. Samples were selected for this study on the basis of limited secondary alteration. 

Characteristics of Granophyre samples: The sample from farm Holfontein in the core of the dome is of the fine-grained granular variety dominated by plagioclase and orthopyroxene (hypersthene) laths with appreciable proportions of micropegmatitic intergrowth of quartz and feldspars (compare Reimold and Gibson, 2006). The country rock at this locality is a medium-grained granite-gneiss. Most mineral clasts in the melt rock were completely melted and at least partially assimilated into the melt groundmass; the rest are essentially recrystallized to very fine-grained quartz mosaics that are derived mainly from Witwatersrand quartzite. There are also some quartz+feldspar relics of Archean granitoid. Feldspar in clasts commonly displays at least partial checkerboard texture, which illustrates partial, crystallographically controlled melting of these crystals after incorporation into superheated impact melt. Lithic clasts are rare and the population is dominated by quartzite or granitoid. Shale is exceedingly rare, and mafic clasts only occur in Granophyre where mafic lithologies have been stoped through by the impact melt (see also Therriault et al., 1996). Thus, mafic clasts have only been reported very rarely from Holfontein. 

At Kopjeskraal near the core-collar boundary, Granophyre occurs sandwiched between Archean granitoid and epidiorite. The Dominion Group lava is exposed only meters from the dike. Thus, it was thought that this lithology could also have been incorporated into the impact melt. The Granophyre sample collected at contact with host granite on Kopjeskraal (VPU-5) is a product of quenching, with microcrystal garben and sheaths occurring in a flow-structured aphanitic mesostasis. Here, too, clasts are essentially felsic, but some vesicles are filled with light brownish phyllosilicate. The so-called “contaminated Granophyre” (Table 1) carries visible inclusions of epidiorite that, in all likelihood, could not be fully removed from the analysed material. The mafic Granophyre on Kopjeskraal and Rensburgdrif (see Reimold et al., 2016, for chemical analyses, and further references regarding Granophyre composition) also carries mafic clasts that are likely derived from epidiorite as well, because of the chemical and mixing calculation results of these authors. To test this further, two samples of this phase from Rensburgdrif were analysed here as well.

Epidiorite and Granophyre on Kopjeskraal are of similar grain size. A clear distinction of these two lithologies is, however, readily provided by the comparatively more mafic (<56 wt% SiO2) chemical composition of the epidiorite (mafic Granophyre is characterized by 60-64 wt%, and felsic Granophyre by 66-68 wt% of SiO2). The second mafic igneous rock occurring on Kopjeskraal, the Dominion Group Lava of 3.07 Ga age (Armstrong et al., 1991), was alsoanalysed by Reimold et al. (2016), as it conceivably could have been involved in the generation of Granophyre as well. 

4.2 Isotope analysis  

All breccia samples were carefully pre-crushed. This was followed by handpicking for separation of visible inclusions from PTB or Granophyre groundmass, prior to isotope analysis of the latter.

The main batch of isotopic analyses was carried out at Royal Holloway University of London. Separate digestions were performed for U-Th-Pb, Sm-Nd, and for Rb-Sr. The Rb-Sr digestion was spiked with a mixed 87Rb-84Sr spike. After ensuring complete solution in 10% HNO3, the second digestion was split into an aliquot used for Pb and Nd isotopic composition, and a second aliquot that was spiked with a mixed 236U-229Th-208Pb spike and the mixed LREE spike of Thirlwall (1982). Strontium and Pb were separated from their respective digests using Eichrom Sr resin; and LREE, U and Th using Eichrom Tru resin; Rb using Biorad cation exchange resin in 5% HNO3, which provides a good separation from K. Nd was separated from other LREE using methanol-acetic acid-nitric acid mixtures on Biorad anion exchange resin. Total procedure blanks were about 400 pg Pb, which causes a maximum correction of 0.003 to 206Pb/204Pb, due to the high Pb concentrations, 200 pg Nd and 700 pg Sr. The 87Sr/86Sr and Sr concentrations were analysed on the VG354 TIMS using the multidynamic method of Thirlwall (1991a). 143Nd/144Nd was analyzed on the same machine using the multidynamic NdO+ technique of Thirlwall (1991b). NBS SRM987 yielded 0.710250±13 (2sd, N=100) and Aldrich Nd yielded 0.511405±6 (2sdσ, N=117) during the period in which these analyses were performed. Pb isotope compositions were measured using the multidynamic method of Thirlwall and Anczkiewicz (2004) on the IsoProbe multicollector ICP-MS, using a 207Pb-204Pb double spike to correct for mass bias for the unspiked samples (Thirlwall, 2002). SRM981 treated as an unknown gave 206Pb/204Pb = 16.9448±24, 207Pb/204Pb = 15.5023±23, and 208Pb/204Pb = 36.730±7 (2sd, N=37) during the period of these analyses, but the sample data reported in the table have been corrected for the differences between these values and those reported by DS-TIMS by Thirlwall (2000), i.e., 16.9408, 15.498, and 36.722, respectively. Rb, U, Th, Pb, Sm and Nd concentrations were determined in static mode on the IsoProbe. Mass bias corrections used admixed Zr and Tl solutions for Rb and Pb, 238U/235U for U and Th, and internal corrections for Sm and Nd. Based on analyses of BHVO-1 and SRM607, 147Sm/144Nd and 87Rb/86Sr are considered reproducible to 0.1% and 0.3% (2σ), respectively. Two samples were analyzed in duplicate, PTB TMU5 and Granophyre VPU5, although a small amount of the Nd-Pb digest of the former was spilled prior to aliquotting. Sr and Nd isotope ratios of these duplicates agree within internal precision. Rb and Sr concentrations agree to <0.25% and 87Rb/86Sr to <0.15%.  Sm, Nd and 147Sm/144Nd of VPU5 agree to <0.12%, but most concentrations measured on the spilled digest of TMU5 are higher - probably reflecting incomplete dissolution at the time of spillage. Measured Pb isotope ratios of the duplicates are outside error but correlated with small differences in U/Pb and Th/Pb, such that ratios calculated at 2020 Ma are mostly within the uncertainties of the measured ratios, and well within propagated uncertainties assuming 0.3% 2σ uncertainty on U/Pb and Th/Pb. Data were regressed with the Ludwig (2003) isoplot software.
Two samples of Dominion Group Lava (DGL) and two of the mafic Granophyre phase (MP) were analysed at the Geoscience Centre (GZG) of Georg-August University in Göttingen, Germany. Trace element concentrations were determined using a VG Plasma Quad 2 ICP-MS. Rb–Sr and Sm–Nd measurements were performed on the Triton TIMS. Prior to digestion, samples were mixed with tracer solutions enriched in 87Rb–84Sr and 149Sm–150Nd, respectively. Subsequently, concentrations were calculated using the ID–TIMS technique. Rubidium, Sr, and REE were separated from one single-rock digest using standard cation-exchange procedures. Subsequent separation of Sm and Nd was achieved using the reverse ion chromatographic procedure with HDEHP resin. Reproducibility for NBS SRM987 (N = 3) are 0.71026 ± 8 and 0.05649 
± 3 for 87Sr/86Sr and 84Sr/86Sr, respectively. Analytical mass bias was corrected with 86Sr/88Sr of 0.1194 using exponential law. Analytical mass bias correction for Rb measurements was achieved via repeated analyses of NBS SRM984 yielding a 85Rb/87Rbraw of 2.5956 (N = 2) resulting in an exponential mass bias of 0.5%/a.m.u. Sample measurements were performed under the same conditions and corrected with the exponential mass bias derived from the standard measurements. Reproducibility for a Nd in-house standard (N = 2) is 0.511798 ± 7, 0.348416 ± 4, and 0.23649 ± 8 
for 143Nd/144Nd, 145Nd/144Nd, and 150Nd/144Nd, respectively. This143Nd/144Nd value corresponds to a value of 0.511838 for 143Nd/144Nd of La Jolla standard. Analytical mass bias was corrected with 146Nd/144Nd of 0.7219 using exponential law. In-house solution with a 147Sm/152Sm ratio of 0.565847 was measured with 0.565963 ± 57
 (N=2) and used for correction using exponential law. For analytical procedures also see Kleinhanns et al. (2011). 

Bent, can we have a short section on the U-Pb methodology used at Göttingen? Standards etc?
These samples were later re-analyzed when it was noted that the Pb-Pb data were seemingly anomalous (see below), a simple explanation for which would have been if samples had been mixed up. However, the duplicate analyses were identical to the initial data, within error limits, ruling out this possibility. All analytical data are provided in Table 1. 

4. RESULTS

All isotopic analytical data are compiled in Table 1. The isotopic results are illustrated by the plots of Figures 3 and 4. In the 87Sr/86Sr versus 87Rb/86Sr diagram (Fig. 3a) all data fall onto a reference line (apparent isochron) corresponding to an age of 2.94 ± 0.07 Ga (2σ error; ISr = 0.7016 ± 0.0013; R2 = 0.9975). That this near-linear data array is actually a mixing trend is supported by the fact that >3 Ga age lithologies (basement granitoids and Dominion Group meta-lava) plot together with 2.7 Ga epidiorite and 2.02 Ga impact-generated melt rocks (i.e., PTB and Granophyre). For this reason, we also did not mark the apparent age in Fig. 3a. This mixing is also illustrated by the 87Sr/86Sr versus Sr plot (mixing test) in Fig. 3b. The mixing trend is emphasized by the calculated regression with a rather good correlation factor. Note that the impact melt rock (Granophyre) data, together with the value for an epidiorite sample, plot distinctly off the mixing trend. The same result (a mixing trend for granite and PTB samples as well as a well separated cluster of Granophyre and epidiorite data) was obtained for the linear 87Sr/86Sr vs. 1/Sr mixing trend (not shown). 

The measured 143Nd/144Nd versus 147Sm/144Nd systematics (Fig. 3c) relate to a regression line corresponding to an apparent isochron age of 3.28 ± 0.02 Ga (INd = 0.50846 ± 14). This value is within error of the age of granitoids of the Archean complex of the Vredefort Dome, as established by Armstrong et al. (2006). As in the case of the Rb-Sr isotope data, this reference line should not be mistaken for an isochron, as rocks of very different formation ages (3.15-2.02 Ga) are combined in this – admittedly statistically very well established - trend. Fig. 3d is a mixing-plot that, in contrast to the same mixing-test with Sr data (Fig. 3b) shows a somewhat stronger data scatter. The PTB data fall onto a trend. The corresponding host granite and PTB pairs are marked on the figure for the Leeukop and Rand Granite data subsets. In all three cases, the PTB values have seemingly been slightly enriched in Nd, compared to the host rock counterparts. It is debatable whether this has anything to do with the PTB formation process. Rather it seems likely that the low number of host rock analyses of this first pilot investigation is not fully representative of all Nd contributors to this PTB.

In the case of the Kudu PTB that is only formed from granite and amphibolite precursors (in agreement with Reimold et al., 2016) - both of which were analysed also in this isotope study. The PTB plots exactly between the two host rock data points. Granophyre and epidiorite data again form a close data array – whereby admixture of Granophyre-like impact melt to the Leeukop and Rand Granite PTB appears very unlikely. This array lies rather close to the PTB from Kudu.

We investigated the linear mixing-plot for Nd (143Nd/144Nd vs. 1/Nd) data as well, and, as in the case of Sr, find that it does not contradict the findings in the hyperbolic mixing representation. However, the granite and PTB data scatter too much, so that it was not possible to calculate a reasonable mixing-trend. The Granophyre and epidiorite again form a tight data cluster that is, in this case, located amidst the scatter of host rock and PTB data, not adding anything to this discussion.  

Figure 4a shows a comparison of 143Nd/144Nd and 87Sr/86Sr data, both recalculated to impact time at 2.02 Ga. This “scatter-plot” does illustrate the individual isotopic signatures of our three sampling-sites – the Kudu, Leeukop and Rand Granite quarries. As in the previous data representations (Fig. 3), the Granophyre and epidiorite data form a well-defined data field. Pb-Pb isotope systematics re-calculated to impact time are shown in Figs. 4b and c. In the following sections the data for the individual sample groups are examined. 
4.1 Pre-impact samples

Zircon U-Pb ages reported for the pre-impact metamorphosed granitoid basement of the Vredefort Dome are 3.15-3.08 Ga (Armstrong et al., 2006), with rare older, up to 3.3 Ga zircon crystals (e.g., Kamo et al., 1996). Four of the five pre-impact samples analysed here lie on a 2937±6 Ma Rb-Sr isochron (MSWD = 1.2), but the initial 87Sr/86Sr of this regression is, at 0.6998±0.0002, substantially lower than likely bulk earth or depleted mantle compositions at that time, implying that these samples have undergone a process that increased Rb/Sr at some younger time. The Nd values calculated at 3.15 Ga or younger are negative for all granitoid samples. This suggests that their precursors may have formed up to 3.25 Ga ago. Lead isotopic data scatter significantly. All pre-impact samples have low µ values (µ = 238U/204Pb) of 1.0 to 7.3, suggesting some likely metamorphic U loss.

4.2 Vredefort Granophyre
Granophyre samples and the epidiorite from Kopjeskraal farm have isotopic and chemical characteristics that are somewhat similar, irrespective of considering the current values or isotopic ratios recalculated to impact time (Fig. 4a, b). 206Pb/204Pb versus 207Pb/204Pb  isotopic compositions for Granophyre, calculated to 2020 Ma, are a little more heterogeneous and lie around 2.8 Ga reference lines (not shown). This can be intzerpreted to suggest that the impact melt was not fully homogenized in terms of Pb isotopes. In all three isotope systems, normal (i.e., felsic) Granophyre shows significant affinity to the epidiorite isotopic composition. In contrast, Dominion Group Lava of 3.07 Ga age (Armstrong et al., 1991) does not seem to be related to Granophyre based on its isotopic composition. In terms of the Rb-Sr and Sm-Nd isotopic systematics, both mafic (denoted MP in Fig. 3) and felsic Granophyre are similar, whereas the mafic samples differ from the other analysed Granophyre samples by their U-Pb isotope ratios. 
4.3 Pseudotachylitic breccia (PTB)
The data presented here can be used to construct a wide variety of diagrams to test test the hypothesis that Granophyre melt could have been a significant contributor to the petrogenesis of PTB (e.g., plots in Fig. 3 and 4a). On the Rb-Sr isotope diagram (Fig. 3a) PTB and host rock data for each locality plot separately. For Kudu quarry, PTB lies intermediate to the granite and amphibolite hosts of different isotopic characteristics. The Rand Granite PTB and host granitoid data form a separate data field in Fig. 3a. And the Leeukop data form a cluster of data intermediate to the other two sets. The Granophyre is distinct from the massive PTB from the Rand Granite and Kudu quarries, but the impact melt data overlap with the Leeukop PTB and host rock data. There is a distinct separation of the Granophyre data from those of PTB/host rocks in a 87Sr/86Sr versus Sr abundance mixing analysis (Fig. 3b). In Fig. 4a (Sr vs Nd isotopes recalculated to T = 2.02 Ga) the Granophyre data also form a distinct group that does not overlap (or even coincide) with any data for massive PTB.


In the Sr-Nd isotope diagram (Fig. 4a; NB: data recalculated to impact time), the PTB-host rock data for different source quarries again show distinct behavior, with the widely separated Leeukop data representing a more complex case. While the Kudu host rocks show a wide spread in Nd isotopic ratios between granite and amphibolite precursors, the corresponding PTB plots in between.
On Pb isotope ratio diagrams for data calculated to the 2020 Ma impact age (Figs. 4b and c), any elemental fractionation during melt genesis is irrelevant because of the common 204Pb denominator.  In the 207Pb/204Pb versus 206Pb/204Pb diagram (Fig. 4a), PTB lie within the range of their respective host rocks, with the PTB from Kudu clearly showing strong similarity to the dominant (Reimold et al., 2016) amphibolite host rock component. No contribution from a Granophyre component to any of the analysed PTB is indicated by the available U-Pb data either. The 208Pb/204Pb versus 206Pb/204Pb diagram (Fig. 4b) indicates essentially the same. PTB-host rock data are well separated for each sampling site, and all PTB-host rock data clearly distinguished from the Granophyre data cluster. In terms of Pb isotopic systematics the felsic and mafic Granophyre phases show different behavior.

6. DISCUSSION

In order to test the possibility that isotopic analysis could shed new light on the debated genesis of Vredefort pseudotachylitic breccia, Sr-Nd-Pb isotopic analysis was carried out on a series of samples from massive occurrences of pseudotachylitic breccia and their respective host rocks. In addition, a suite of Granophyre impact melt rock samples was analysed for evaluation of the impact melt infiltration hypothesis for the origin of PTB. A number of major observations can be drawn from the isotopic data introduced in the previous section:

It is quite remarkable that the formation of impact-generated melt rocks at 2.02 Ga seemingly took place without essential isotope fractionation, so that the mixing-trends related to Sr and Nd isotopic data are actually very well constrained. However, the indicated ages of ca. 2.95 Ga and 3.28 Ga, respectively, are meaningless, as formation of granitoid target rocks of the Vredefort Dome as well as metamorphic overprint have been constrained to around 3.08-3.15 Ga – Armstrong et al. (2006 for detailed discussion see also Gibson and Reimold, (2008). The country rocks and associated pseudotachylitic breccias have essentially retained closed isotopic systems, in terms of Sr and Nd, since the granitic magmatism and high-grade metamorphic event (Gibson and Reimold, 2008, and references therein) occurred long prior (at ca. 3.15 Ga) to the impact event. No extraneous component of significantly younger age mixed into PTB is suggested by these data. Alteration and metamorphism do not have decisively modified the isotope systematics. Recalculation of these data to the impact age of 2.02 Ga does not significantly affect the data array (e.g., Fig. 3a). In contrast to the PTB, the Vredefort Granophyre does, at least, carry a significant proportion of 3.07-2.7 Ga Witwatersrand Supergroup material (as demonstrated in the clast content in the field and in the micro-clast content upon petrographic analysis.

Another interesting observation from Fig. 3d is that the Dominion Group meta-basalt data fall far off the Granophyre data array. Reimold et al. (2016) discussed the possibility that this lithology could have been a precursor for the mafic Granophyre phase, but their chemical results and, now, this isotopic finding do not support this possibility.

Granophyre impact melt rock and epidiorite show some different isotopic systematics (Fig. 3) from those of the PTB samples and their host rocks. The Granophyre samples have notably higher µ (7.8 to 13; compare Table 1c) and radiogenic Pb than all other samples of this study. This suggests either that µ was increased during the melting process that generated them, or that they include a component from a source that had not undergone metamorphic decrease of the µ values. Granophyre also has Nd values at ~3.15 Ga (compare Table 1) that are 1 to 1.5 units less negative than all other siliceous, ~3.1 Ga basement samples or PTB samples of this study, suggesting that impact melt incorporates a component from younger juvenile and less metamorphosed crust than the Archean granitoid precursor of PTB would have represented. Mixing calculations have shown that the Granophyre impact melt rock represents a mixture of Archean granitoid and Witwatersrand arenitic and argillaceous materials of the impact target sequence, as is indicated by the inherent clast population and chemical modelling of impact melt rock composition (Reimold and Gibson, 2006; Reimold et al., 2016). To what degree the basaltic, arenitic and carbonate lithologies of the 2.7-2.15 Ga Ventersdorp and Transvaal supergroups contributed to this mixture can only be speculated on, but some contribution is likely. In fact, the intimate lithological interfingering of Witwatersrand strata and epidiorite throughout much of the exposed collar of the Vredefort Dome (e.g., Reimold et al., 2000; CGS 1999) provides strong support for the participation of Ventersdorp Supergroup material in Granophyre formation (although this is not evidenced by the clast population of the felsic Granophyre, in contrast to chemically confirmed contribution of epidiorite to the mafic Granophyre on Kopjeskraal that also carries mafic clasts (Wannek, 2015; Reimold et al., 2016). The isotope data for two Dominion Group meta-lava samples are distinct from those for the Granophyre and epidiorite samples. This supports the conclusion of Reimold et al. (2016) that this lithology did not play a major role in the formation of Vredefort Granophyre.


The second possibility that the elevated µ values of Granophyre samples were generated due to decrease of PTB μ during the melting process is not favored here, as bulk PTB and host rocks have very similar compositions. Admittedly, this first pilot isotopic study needs to be elaborated on, with further comprehensive sampling and analysis of all granitoid varieties in the Leeukop and Rand Granite quarries. 


That felsic and mafic Granophyre samples have strongly different Pb-Pb isotopic character can, at this time, not be explained. It can be speculated that the samples chosen for this first isotopic investigation represent impact melt rock formed by admixture of somewhat different proportions of Witwatersrand quartzite and shale, on the one hand, and Ventersdorp-related epidiorite, on the other. Further isotopic analysis of not only additional Granophyre samples is warranted, but also of several additional epidiorite samples and specimens of Ventersdorp (lava) and Witwatersrand lithologies (shale, quartzite).

Another interesting observation (e.g., Fig. 3d) is that the Dominion Group meta-basalt data fall far off the Granophyre data array. Reimold et al. (2016) discussed the possibility that this lithology could have been a precursor for the mafic Granophyre phase, but their chemical results and, now, this isotopic finding do not support this possibility. Samples of the Granophyre impact melt are isotopically similar, but not homogeneous. Previously strong chemical homogeneity had been promoted (e.g., review of Reimold and Gibson, 2006, and earlier literature cited therein), but this has been revised more recently through the finding of a mafic Granophyre phase on the Kopjeskraal and Rensburgdrif farms. New chemical data for an extensive sample suite of Granophyre, epidiorite and DGL from Kopjeskraal (Reimold et al., 2016) support that admixture of epidiorite to normal felsic Granophyre can explain the formation of this mafic phase.

The Kudu isotopic systematics (Rb-Sr, Sm-Nd) indicate a PTB origin from mixing of granite and amphibolite only – not requiring a Granophyre-like additional precursor component. This is in agreement with the chemical findings by Reimold et al. (2016). The Rand Granite PTB and host granitoid data form a separate data field in Fig. 3a. It may be possible to construe that the Rand Granite PTB data are intermediate to the host rock and Granophyre data. To consider this as possible evidence for admixture of a Granophyre component to the PTB is opposed by the mixing analysis illustrated in Figs. 3b and d. 

A significant result of this isotopic analysis is that the respective sets of PTB and host rocks from the three quarries plot into different sectors of the isotope diagrams – i.e., they indicate somewhat different isotopic character for the three sampling terranes. The finding  dovetails with the recognition by Lana et al. (2003) and Armstrong et al. (2006) that the crystalline basement in the core of the Vredefort Dome is made up of a series of chemically distinct intrusives of slightly different ages (though all originating from the ca. 3.08-3.2 Ga interval). With regard to the formation of PTB, the individual isotopic characters of sampling areas provide further support for formation of PTB from local material only.



With respect to the formation of pseudotachylitic breccia from three rather voluminous occurrences in quarries in the outer core of the Vredefort Dome, these isotopic results lead to the conclusion that a contribution from a Granophyre-like impact melt component is not required. The respective pseudotachylitic breccias have isotopic characteristics related to the country rocks at their sampling locations. This is a similar finding to that reported for Sudbury Breccia by Lafrance et al. (2008) and Lafrance and Kamber (2010), who equally concluded that PTB was formed locally from only the precursor rocks present on site.   


Electron microprobe analysis of PTB groundmass (Mohr-Westheide, 2011) and XRF bulk chemical analysis of a large number of PTB-host rock pairs have convincingly revealed that PTB generally display close chemical relationships to adjacent host rock (e.g., Reimold and Gibson, 2006, and older literature cited therein; Lieger, 2011; Mohr-Westheide and Reimold, 2010). In granitic environments, the refractory behavior of quartz is seemingly the main reason for any chemical differences between PTB and host rock. As shown by Mohr-Westheide and Reimold (2010, 2011), PTB veinlets <1 mm thick often feature locally different compositions that are identical to those of immediately adjacent host rock minerals. Study of < 0.5 cm PTB in mafic host rocks also revealed close agreement between PTB and host rock compositions (Mohr-Westheide, 2011). Where notable deviations occur, they can be explained by preferential melting of either plagioclase and/or hydrous ferromagnesian minerals, at different proportions (in keeping with the findings of, e.g., Reimold, 1991 - for Vredefort PTB and of Lafrance et al., 2008 - for Sudbury Breccia). Here, it has been illustrated that voluminous PTB and local host rocks are isotopically related.

5. CONCLUSIONS


In summary, when considering the formation of Vredefort PTB it is necessary to observe: (1) chemical and isotopic similarity to the respective, locally occurring host rock; 

(2) lack of correspondence of chemical compositions of PTB to admixture of a Granophyre-like component (data sets published by Reimold, 1991; Lieger et al., 2011; Harris et al., 2013; Granophyre chemistry: Reimold et al., 1990, 2016; Therriault et al., 1997; Reimold and Gibson, 2006);

(3) limited evidence for friction melting;

(4) only local evidence for shock melting/presence of high-pressure polymorphs/enhancement of shock pressure for millimeter-thin PTB veinlets;

(5) shock pressure limitation to < 15 GPa in the zone of enhanced PTB development in the outer core of the Vredefort Dome (e.g., Reimold and Colliston, 1994);

(6) textural evidence by Riller et al. (2010), Lieger et al. (2009), and Mohr-Westheide et al. (2009) for pooling of melt in dilational sites. 

According to the process promoted by Mohr-Westheide and Reimold (2011), this combines to favor formation of sizable amounts of PTB melt from local host lithology(ies) only. The melting stage is followed by pooling of melt in dilational sites under an extensional stress regime – as it would be attained during decompression (after shock compression) upon the highly dynamic formation of the central uplift of a large impact structure. Mohr-Westheide (2011) and Lieger (2011) presented direct petrographic evidence for movement of PTB melt from thin veinlets into larger veins. However, there is also evidence that this stage may be followed by expulsion of melt from these pools into smaller veins during the final collapse of the central uplift. 

A relationship between Vredefort Granophyre and PTB is not supported by the findings of this isotopic investigation. 

First isotope analyses of Granophyre and an epidiorite sample suggests that the Granophyre, in particular the mafic phase, contains a small but significant component of epidiorite, besides a well-known contribution from Witwatersrand Supergroup rocks. This is in agreement with recently published chemical data (Reimold et al., 2016). However, there is still potential for further isotope studies on Vredefort Granophyre and the various precursor rocks to this impact melt. In particular, the various supracrustal rocks of the collar of the Vredefort Dome (various lithologies of the Ventersdorp and Witwaterand supergroups) ought to be analysed. Further radiogenic isotopic analysis of more epidiorite samples, and also of 2.06 Ga, pre-impact Bushveld tholeiite that occurs locally in the collar of the Vredefort Dome is required.
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Figure captions

Fig. 1 Field photographs of the investigated pseudotachylitic breccias. (a) Section of the large Leeukop Quarry (compare Fig. 2) with massive pseudotachylitic breccia (PTB) in Archean granite gneiss. Width of field of view ca. 15 m. (b) A section of the PTB dike in the Kudu Quarry sampled for this study. An up to several decimeter wide dike of PTB is sandwiched between Archean granite gneiss (to the left of the pseudotachylitic breccia, PTB) and amphibolite (AMPH, to the right, separated from PTB by the white, dashed line). Clasts of both host lithologies are recognized within the PTB dike. The extended folding-rule is 2 m long. Note that the samples analysed here and also chemically investigated by Reimold et al. (2016) were taken at several locations along this dike. (c) One of the countless millimeter-wide veinlets of PTB permeating the rocks of the core of the Vredefort Dome. This one exhibits a several mm wide displacement of a K-feldspar porphyroblast. (d) A ca. 5 m wide section of the Granophyre (impact melt rock) dike on Daskop farm in the Archean granite-gneiss core of the Dome. 

Fig. 2 Schematic geology of the Vredefort Dome (inset shows the location of the Vredefort impact structure - corresponding to the erosional remnant of the Witwatersrand Basin – within the southern African subcontinent). The sampling sites for this study (Kudu, Leeukop, and Rand Granite quarries, Kopjeskraal farm) are also referred. Based on a diagram by Mohr-Westheide (2011).

Fig. 3 Isotopic results for PTB, their host rocks, and Granophyre impact melt rock from Vredefort, as well as epidiorite and Dominion Group Lava (metabasalt) samples. Symbol sizes exceed error bar sizes for the data (compare Table 1). The legend in Figure 3b relates to all four subfigures. (a) Rb-Sr isotopic data, as measured. The slope of the regression line corresponds to an age of about 2.94 ± 0.07 G, but the line does not constitute an isochron but a mixing-line (see text, for discussion). (b) 87Sr/86Sr versus Sr mixing test. Results show that the cluster of all data for both felsic and mafic Granophyre falls distinctly off the calculated mixing trend for PTB and host rocks emphasized with the greay swath. (c) 147Sm-143Nd data. The slope of the regression line corresponds to an age of 3.28 ± 0.02 Ga, in line with the ca. 3.1-3.2 Ga ages for lithologies of the Archean gneiss complex in the core of the Vredefort Dome. As in the case of the Rb-Sr isotope data shown in Fig. 3a. this regression does not constitute an isochron but a mixing-line. (d) 143Nd/144Nd vs. Nd mixing test. The calculated mixing curve is emphasized with the grey swath. See text for discussion.

Fig. 4. Further representation of isotopic data for the PTB and country rock samples of this study. Note that symbol sizes exceed the actual error limits as listed in Table 1. The legend given in Fig. 4a is as given on Figure 3b. (a) Sr and Nd isotope ratios recalculated to the time of impact (2.02 Ga – Kamo et al., 1996). Note that each data set for a specific PTB/host rock locality has its own isotopic signature. Normal (i.e., comparatively felsic – compare text) and mafic Granophyre form a distinct data cluster. See text for discussion. (b) and (c) Pb-Pb isotopic data for PTB, their respective host rocks, Vredefort Granophyre, epidiorite sampled adjacent to the Granophyre dike on farm Kopjeskraal, and two Dominion Group Lava (metabasalt) samples. (e) 207Pb/204Pb and (f) 208Pb/204Pb ratios plotted against the 206Pb/204Pb data, respectively; all data shown here are recalculated to T = 2.02 Ga.
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