Chapter 1. Introduction

1.1 General introduction

A fundamental tenet of metamorphic petrology is éissumption that rocks attain
and maintain chemical equilibrium at elevated terapges. Rocks undergo
chemical reactions during the changing pressurgéeature conditions experienced
in orogenic processes. These chemical reactiordvia dissolution of reactants,
mass transfer through the rock medium and the dgrofhew product minerals. The
resulting mineral assemblages equilibrate along eolutionary pressure-
temperatureR-T) path as long as fluid or melt is present to faté mass transfer,
and reaction is arrested or retarded when meliuat s absent (White and Powell,
2002; Powell et al., 2005). As a result, the assagebobserved in the rock today
can be used to infer conditions at which fluid clihwas lost (White and Powell,
2002; Powell et al., 2005). This equilibrium moaélmetamorphism has allowed
the application of equilibrium thermodynamics te forward and inverse modelling
of metamorphic textures (e.g., White et al., 20B@ger et al., 2003; White et al.,
2003; Johnson et al., 2003; Kelsey et al., 2002d4sdq et al., 2003b; Johnson et al.,
2004; Zeh et al., 2004; Baldwin et al., 2005; Witel., 2005; Hollis et al., 2006;
Diener et al., 2007; Halpin et al., 2007). Muchoaf understanding of tectonics and
orogenesis is founded on the information deriveanfrmetamorphic rocks in this

way.

An assemblage is considered to be in equilibriurit Has the lowest Gibbs free
energy (Prigogine and Defay, 1954; Denbigh, 197fiea® 1993). With changing
pressure and temperature during orogenesis or a@omtatamorphism, mineral
assemblages, modal proportions and compositiohn€mahge to attain a new lowest
Gibbs free energy equilibrium configuration. At afieal equilibrium there are no
gradients in chemical potentials for any componentshe volume considered.
Equilibration is a function of complex interdepentlerelationships between
evolving bulk composition, grain size, temperatimeating and/or cooling rate (e.g.,
Carlson, 2002; Marmo et al., 2002; White et alQ20Nhite et al., 2004; Johnson et
al., 2004; Evans et al., 2004). Whether a rockigsquilibrium or not, is largely a



question of the scale considered (Stuwe, 1997;s@ay12002; White et al., 2008).
Equilibration can be seen as a continuum rangioig ftomplete equilibration for all
components at scales of metres to tens of metrgmrtial equilibration on the scale
of microns to millimetres and, finally, completesegquilibrium in extreme strain rate

environments realised in large meteorite impadiecsa

The recognition of scales of equilibration has édygoeen driven by technological
advances in analytical techniques allowing zonat@ncomponents on ever-
decreasing scales to be resolved. Analytical pi@tisas, in turn, driven increasing
refinements to modelling metamorphic systems. Ploard Holland (1988, 1994)
devised a software tool, THERMOCALC, which allowie calculation oP andT
conditions of formation for a metamorphic assemélagased on the measured
compositions of phases (avPT), predicated on theiliegum model of
metamorphism. With gradual improvements in thernmaahyic data sets of mineral
end-members (Holland and Powell, 1996; Berman, 1B88and and Powell, 1998;
upgrade November 2003) anatx relationships for minerals and, especially
appropriate for granulite-facies rocks, silicatguld and fluid (e.g., Powell, 1987;
Holland and Powell, 1992; Powell and Holland, 19B®jland and Powell, 1996;
Powell and Holland, 1999; Dale et al., 2000; Wiital., 2000; Holland and Powell,
2001; White et al., 2001; Holland and Powell, 20D3je et al., 2005; Diener et al.,
2007), it became possible to model the evolutionasdemblages iP-T space
through constant composition phase diagrams or dosegtions (Powell and
Holland, 1998).

The difficulty in determining original phase compmss required for conventional
thermobarometry, and large uncertainties of attendaT estimates, has made
pseudosection thermobarometry the preferred teabnifipr reconstructing the
metamorphic evolution of a rock. In pseudosectitihg,boundaries between fields
of alternative mineral assemblages constfii estimates for formation of an
observed assemblage, not uncertainties as in cbomahthermobarometers (Powell
and Holland, 2008). Pseudosections also allow moaction of theP-T path

through comparison of inclusion and textural relaships in an observed
assemblage with corresponding mineral modes andoasitions in assemblages
that could have developed given a range of poteRd conditions in the



pseudosection. Currently, it is possible to modallkb compositions in
MnNNCKFMASHTO (MnO-NaO-CaO-K0-FeO-MgO-AbO;3-SiO,-H,0-TiO,-
Fe03). Ongoing improvements in the thermodynamic mihelaa set and-x
relationships coupled with continued advance in lydical methods ensure
expansion of modelling capacity into larger mod&mical systems (e.g., including
Zn). New capacity in THERMOCALC allows modelling @hemical potential
relationships governing the spatial organizationpbises within an equilibration
volume (e.g., White et al., 2008). It is now poksibb model complex reaction
textures (e.g., coronas) in terms of evolving cloamnpotentials through open-

system metasomatic exchange of selected componéhtthe external system.

This study is primarily concerned with an investiga of reaction dynamics and
processes across the equilibration continuum. &hge of scales of equilibration
across the continuum is schematically demonstrateBigure 1.1. During peak,
anatectic granulite facies metamorphic events, ata@rmpotential gradients may be
eliminated for all major components in equilibratieolumes on the scale of metres
to tens of metres (Figure 1.1a). This is typicdlg scale of equilibration volume
considered when modelling peak metamorphism of udtas prior to melt loss
(White et al., 2008). Under peak granulite condisiocomplete equilibration is
attained through melt- and/or fluid-assisted diffus with comparatively long
reaction durations. The coarse-grained evolutioa odck will cease when melt is
lost from the equilibration volume or the solidgscrossed on the retrograde path
with cooling (White and Powell, 2002). Equilibratidollowing peak conditions
becomes a more complex process and requires coasice of equilibration
volumes an order of magnitude smaller on the safaheicrons to centimetres.

In the post-peak, melt-depleted restite, in theeabs of deformation and/or low
melt volumes and/or rapidly changing and T, reaction becomes diffusion-
controlled. Here, length-scales of diffusion forjara&components are decoupled, the
bulk composition is partitioned and segregated tr@agroducts develop (Figure
1.1b), typically as a corona (Fisher, 1977; Joest8ii7; Mongkoltip and Ashworth,
1983; Foster, 1986; Grant, 1988; Johnson and Gurl@00; Carlson and Johnson,
1991; Ashworth and Birdi, 1990; Ashworth et al..929 Ashworth and Sheplev,
1997; Markl et al., 1998; Ashworth et al., 1998}. tAis scale, chemical potential



gradients may be eliminated for mobile componéenis,remain entrenched for the
more slowly diffusing components. The attainment egjuilibrium for some
components and not for others is described asapaduilibrium (Carlson, 2002).
The length scales of diffusion for rare earth eletmeare now known to be much
smaller than major elements (e.g., Spear and KaBf6; Pyle and Spear, 1999;
Carlson, 2002; Clarke et al., 2007), revealing rimfation about processes and the
role of accessory minerals in which they occur loradance (Kelsey et al., 2008;
Clarke et al., 2007).

Partial equilibration of post-peak supra-soliduseasblages may occur either
progressively or non-progressively (e.g., Whiteakt 2009). In progressive post-
peak metamorphism, there is a continuous changehé stable post-peak
equilibrium assemblage as the-T path tracks across a phase field in a
pseudosection and the modes (abundances) of nsrgrdt accordingly (White et
al., 2009). In progressive corona development, nessing of a univariant reaction
line is required. The reactants may remain pathefstable equilibrium assemblage,
however, the modes of the minerals shift accortintdpe P-T trajectory through the
phase field. Reaction may go to completion as tk# i consumed at the solidus.
Non-progressive corona growth occurs in polymetauiior terranes, undeP-T
conditions that are markedly different from that tboe peak assemblage, with
potential assemblages that lie between the diffefefT conditions in the
pseudosection undeveloped (White et al., 2009holmprogressive metamorphism,
the peak assemblage is preserved at the solidua@fatther reaction occurs until
the rock is heated once more under different pressand temperatures in excess of
the dry solidus for the restitic composition (Whated Powell, 2002).

An extreme metamorphic scenario is that in whichildgrium is unattainable at any
measureable scale for any component. The only pso@apable of inducing
disequilibrium to such an extent is bolide (mete)riimpact, which releases
immense energy into the crust as the kinetic eneffgthe bolide is transformed
instantaneously into a shock wave that radiatesandls into the target rocks. Shock
pressures in the target crust may range from 2 @0 GPa with associated
instantaneous shock heating to temperatures asasigf®00 °C in the most highly
shocked crust closest to the point of impact (Fegudrlc). The shock wave



compresses the target rocks at pressures abowéutieniot elastic limit, inducing
irreversible structural and phase changes in tameaterals, termed shock-
metamorphic effects (see review in French, 1998)jclv are heterogeneously
distributed throughout the target rock. Shock metguic effects in quartz might
include planar deformation lamellae (< 5um) at @036 GPa (Figure 1.1c) and
shock-induced isotropisation of entire mineral gsaat shock pressures > 35 GPa
(French, 1998). Whole-mineral melts, typically @idspar and micas, occur as
components of melt breccias at shock pressures SHE& (Ostertag, 1983). The
extremely heterogeneous distribution of shock #dfebroughout the target rock

negates the application of an equilibrium modehetamorphism.

Within a fraction of a second to, at most, secoaitisr impact, adiabatic decay of
the shock wave following non-adiabatic loading dgrimpact, leads to post-shock
heating of the target rocks (Raikes and Ahrens919This post-shock heating is
proportional to the peak shock pressure and caeeet000 °C in highly shocked
rocks (e.g., Stoffler, 1972). In large impacts, dheffects and the subsequent post-
shock heating may affect mid- and lower-crustakls\that remain buried after the
impact. Under such conditions the cumulative effgfcshock heating and residual
heat from the pre-impact crustal geotherm is capabf inducing static
metamorphism in the crust, leading to annealing @atial equilibration of shock-
induced deformation features and any pre-impacametphic assemblages (Gibson
and Reimold, 2005).

The P-T fields for conventional and shock metamorphisngiFeé 1.1) are so vastly
different, most treatises on metamorphism do nehesonsider them together. One
of the few geological settings where it is possitdeinvestigate the nature and
complexity of equilibration across this continuumthe Vredefort Dome, South
Africa. This metamorphic environment presents tHesast possible natural
analogue to laboratory conditions preserving diggndextural and compositional

intricacies across the equilibration continuum.
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Figure 1.1: A demonstration of the equilibration edinuum from (a) complete equilibration in
melt-rich granulite events, to (b) partial equililtion in melt-depleted restites to form coronas,dan
finally (c) complete disequilibrium with extreme rain rates and highly localised shock

deformation effects in shock metamorphism. P-T ghamodified from French (1998).



1.2  Geology of the Vredefort Dome

The Vredefort Dome is a 90-km-wide impact-inducedtcal uplift structure formed
by rebound of the shocked basement beneath a gi&&,Ga, complex crater that
was originally 250 - 300 km in diameter (Figure)1@omplex craters form during
large impact events, in which the energy releastthe target rocks is sufficient to
ensure sub-crater rheology approaches a Binghaich father than competent or
unconsolidated rock (Collins et al., 2000). Undeese conditions, the sub-crater
rocks rise to form a central uplift during lateggamodification of the original
transient crater (French, 1998), while rocks arotinel periphery of the crater
collapse to form a terraced structure. The Theaphilinar impact structure is an
excellent example of a pristine complex crater (Fegl.3) with a clear central uplift

and terraced inner crater rim.
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Figure 1.2: Schematic cross-section through the \dedort complex crater formed after impact at
2.02 Ga, comprising a central uplift (Vredefort Dagh and terraced crater walls. The dashed line
represents the current level of erosion (modifiefiest Gibson and Reimold, 2001).

The Dome is located ~ 120 km south of Johannesimugs surrounded by a 50 - 70
km wide synclinorium comprising the gold-bearingatt of the Witwatersrand

Supergroup, and the Ventersdorp and Transvaal §upgrs (Figure 1.4). Erosion

of between 5 and 10 km of overlying rocks (McCarthal., 1990) has exposed an ~
40 km wide core of amphibolite to granulite facib®eso-Archaean gneisses
(Archaean Basement Complex, Figure 1.5). Surrognttie basement rocks, is a 20
to 25 km wide collar of Late Archaean to Palaeggnatoic supracrustal strata

(Dominion Group and Witwatersrand, Ventersdorp @rehsvaal Supergroups) that



were deposited unconformably on the basement comingrat 3074 + 6 Ma
(Armstrong et al., 1991). The southern and cengaats of the Dome are obscured
beneath Palaeozoic Karoo Supergroup sediments @ledtd sills (Figure 1.5). In
the southeast of the Dome, a sequence of greehselaisiphibolite facies mafic and
ultramafic schists of komatiitic and komatiitic la#tscomposition is exposed south
of a Meso-Archaean shear zone (Broodkop shear 1@me et al., 2006).
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W

¥

Figure 1.3: The Theophilus lunar impact structuresia complex crater, with a clear central uplift
and terraced inner crater rim. The structure is 1®&n in diameter. Image courtesy of NASA.
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Figure 1.4: Simplified geological map showing thedation of the Witwatersrand basin and
Vredefort Dome (after Lana et al., 2006).
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Figure 1.5: Geological map and cross-section of thfeedefort Dome indicating main lithologies
and distribution of pelitic greenstone remnants the Archaean Basement Complex in the core of
the Dome (modified after Armstrong et al., 2006).

Shock metamorphic effects developed in the Vredédome include shatter cones,
planar deformation features (PDFs) in quartz afdsfar, pseudotachylitic breccias,
and impact melt (Gibson and Reimold, 2008). Shoektamorphic effects show a
broad concentric distribution (Figure 1.6) increasin intensity toward the centre of
the Dome, but exhibit marked heterogeneity at ib# outcrop- and thin section
scale (Gibson and Reimold, 2005). Gibson and Reirf@005) produced a detailed
map of shock distribution throughout the Dome bagsedhe occurrence of shock
effects observed in minerals, predicting maximumspures of 35 — 40 GPa toward
the centre of the Dome (Figure 1.6). Numerical nlodgeof the Vredefort structure

(lvanov, 2005) constrains peak shock pressuresapping 60 GPa in the centre of

the Dome (Figure 1.7a), 15 GPa in excess of shoe&spres inferred from shock



effects in minerals by Gibson and Reimold (2005component of this study aims
to evaluate the apparent discrepancy between ncahestimates of shock pressures

and those deduced from shock effects in minerademied petrographically.
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Figure 1.6: Shock pressure distribution throughottie Vredefort Dome based on observed mineral
and rock textures (modified after Gibson and ReirdpP005).

Among the effects attributed to the Vredefort impacgent is a strongly variable
thermal overprint caused by decay of the shockspresfollowing non-adiabatic
shock-loading, which increases in intensity ragliatiwards the centre of the Dome
(Gibson et al., 1998; Gibson, 2002; lvanov, 200gufe 1.7).
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Figure 1.7: Numerical models for (a) shock pressuamd (b) post-shock temperature distribution
throughout the Vredefort Dome (modified after Ivamp 2005).Coloured contour lines represent
shock pressure contours in (a) and post-shock isaths in (b). Dotted white isolines represent
initial depths of burial prior to impact. Black citles in (a) indicate occurrence of diagnostic shock
effects and in (b) indicate points of agreement Ween observed temperature estimates from
thermobarometry (e.g., Stevens et al., 1997b) ahé tumerical model. Thermobarometric
estimates have been used to constrain the boundanyditions and, as such, the numerical model
is limited by the accuracy of these initial estineatand post-impact temperatures may well have
been higher closer to the centre of the Dome.

Figure 1.7b demonstrates the post-shock temperdistrgbution profile in the core
of the Vredefort Dome generated from numerical niodg (lvanov, 2005). Post-
shock temperature varies as a function of both lstpyvessure - which increases
radially towards the centre of the Dome (Gibson Rethmold, 2005) - and the pre-
impact geotherm, which according to Gibson and gof@902), was 20 °C/km
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immediately prior to impact. Thus, the radially-iamal increase in temperature from
< 300 °C to > 1000 °C reflects both the exponentiatease in shock pressure and

increased level of doming-induced exhumation towdhne centre of the Dome.

Ivanov (2005) calculated that the rocks at the gmedevel of exposure were
sufficiently insulated to have remained hot foresaV hundred thousand years and,
consequently, that the rocks were capable of rdieqiing under new
metamorphic conditions of 2 - 3 kbar and 300 - 1000Earlier studies by Gibson
and Wallmach (1995) and Gibson et al. (1998) hawgiged broad confirmation of
the increase in temperature toward the centre @fDbme. Gibson (2002) also
described textures invoking exceptional temperatumeexcess of 1000 °C in the
centre of the Dome. The considerable uncertaintiemethods employed fde-T
determination and a range of otleandT estimates obtained from the same rocks
by other authors (Schreyer and Abraham, 1978; 8tegeal., 1997b; Perchuk et al.,
2002) necessitates a reappraisal. In this studksrérom the Archaean Basement

Complex are revisited to further refine post-shogkditions.

1.3  Geology of the Archaean Basement Complex

The Archaean Basement Complex exposed in the cbitheoVredefort Dome
includes metapelitic, metagreywacke, metamaficlasser meta-ironstone xenoliths
enclosed within 3120 - 3100 Ma tonalitic and trgedfitic gneisses (Lana et al.,
2004; Armstrong et al., 2006). Several NW-SE tragdielitic and mafic granulites
occur on the farms Steynskraal and Jagers Vredsjeba 5 and 8 km to the
northwest of the centre of the Dome (hereafterrrefe to as the Steynskraal
granulites) and on the farm Helpmekaar to the swesh of the centre of the Dome
(Figure 1.5). The radial array of discontinuousngiide outcrops on the Steynskraal
and Jagers Vrede farms is hereafter referred theasSteynskraal traverse (Figure
1.5). The granulites form part of an Archaean wvotcaedimentary sequence,
occurring as discontinuous, elongate rafts withitrusive tonalite-trondhjemite-
granodiorite gneisses (Stepto, 1990; Flowers g2@03; Lana et al., 2004).
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The metasedimentary granulites comprise stromaidt lacally massive Grt-Bt-

Crd/Opx (abbreviations after Kretz, 1983) restitwsd range from pelitic to

greywacke bulk compositions (Stevens et al., 1993Hgson, 2002). Stromatic

pelitic granulites are characterized by Grt-Bt-Qmiesosomes alternating with
thinner Grt-PI-Kfs leucosomes. Less aluminous amdagsic greywacke bulk

compositions comprise Grt-Bt-Opx mesosomes with RitKfs leucosomes. Less

commonly, granulites appear massive, with no discreucosomes and are
markedly restitic, consistent with almost completelt loss. Overprinting the

coarse-grained assemblages are shock metamorpditsefssociated with the 2.02
Ga impact, including pseudotachylitic breccias;npla deformation features in

quartz and plagioclase; and planar fractures idsfer and quartz (e.g., Schreyer
and Abraham, 1978; Stevens et al., 1997b; Gibsah Reimold, 2005). Corona

textures comprising complex multi-layered produgimplectites and bands are
developed around garnet (Schreyer and Abraham,;1S#ens et al., 1997b;

Gibson, 2002).

Lana et al. (2004) and Armstrong et al. (2006) idiexd three magmatic TTG suites
in the Archaean Basement Complex, each associatbdanspecific deformation
event. The oldest, biotite-rich, trondhjemitic g®is found as xenoliths within the
main trondhjemitic gneiss that occurs as sparssfesed outcrops in the northeast
of the Dome. The xenoliths retain evidence of arye&l fabric that has been
largely transposed by D2 elsewhere in the Dome gLenal., 2003a). Both the
xenoliths and the host trondhjemitic gneiss givesagf 3113.8 + 4.8 Ma (Armstrong
et al., 2006). These rocks have been intrudedymuager, 3105 + 5 Ma, porphyritic
granite (Armstrong et al., 2006), exposed in thetes® sector of the core of the
Dome. Lana et al. (2004) suggested that intrusibrthe granodiorite occurred
during the D2 event and was associated with pergasievelopment of a
subhorizontal S2 fabric throughout the TTG gneis$bs D2 event was followed by
the intrusion of a younger suite of granitic torgrdioritic bodies emplaced at 3092
+ 6.2 Ma (Armstrong et al., 2006) during a northesmithwest compressional event
under intermediat®, high-T metamorphic conditions. The D3 event was
characterised by the development of a northwestling, subvertical peak-
metamorphic S3 fabric. D3 was intimately linkedoth tectonic and magmatic

crustal thickening with high-grade peak metamonphiduring the northeast-
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southwest compressional event (Stevens et al.,lit9%ha et al., 2003a). Although

the TTG rocks and the syntectonic granitoids anddsomes were emplaced during
distinct deformation events, the differences in hgeveen these rocks are within
uncertainty (Armstrong et al., 2006). Essentialigistinguishable age data and
geochemical evidence (Lana et al., 2004) suggésis the TTG suite and the

granitic leucosomes and granitoids are part of rlsj continuous, magmatic

episode in which the leucosomes represent morédrated melts from the original

trondhjemitic parent magma (Armstrong et al., 2006)

Crustal thickening and accretion of the Vredefortkis onto the Kaapvaal craton at
3100 — 3080 Ma occurs only 10 — 25 Myr prior to tluiepouring of the 3074 £ 6 Ma
(Armstrong et al., 1991) Dominion Group lavas omfoper amphibolite facies
basement, implying extremely rapid exhumation rat@sven the petrological
evidence at the time which suggested an anticlak®T path (Stevens et al.,
1997b), Lana et al. (2006) proposed rapid extemasionroofing and collapse of the
thickened crust occurred during D4 at 3068 + 6 Né@ a subhorizontal to gently
northwest-dipping shear zone now preserved in déheastern sector of the Dome
(Broodkop shear zone; Lana et al., 2006; Armstreingl., 2006). The D4 event has
been dated from aplite dykes cross-cutting the Bdas zone (Armstrong et al.,
2006). This led to the structural juxtaposition lofv-grade greenschist facies
komatiites and komatiitic basalts in the southezsthe Dome with high-grade,
granulite facies gneisses to the northwest. Larsd. ¢2006) linked this extension to

the rifting associated with extrusion of the 3078 Ma Dominion Group lavas.

1.4  Metamorphic evolution of the Vredefort Dome

A comprehensive review of metamorphism in the calbeks of the Dome is given
in Gibson and Reimold (2008). This study focusestlm® Archaean Basement
Complex in the core of the Dome (Figure 1.5). Basednumerical modelling
(lIvanov, 2005), these rocks appear to have residéte mid to lower crust (16 - 27
km) immediately prior to the impact. Exhumationidgrcentral uplift formation has
exposed an oblique section through the crust, priegegranulite facies gneisses in

the centre, and originally less deeply buried ugaphibolite facies rocks further
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from the centre. The Archaean Basement Complex deegpmainly TTG gneisses.
The high-variance assemblages typical of TTG gmeeisare not particularly

informative with regard to metamorphic conditiotdowever, the rare pelitic,

ironstone and mafic granulite xenoliths are far ensensitive to changes in
metamorphic conditions. These have been studiedJayiety of authors (Willemse,

1937; Schreyer and Abraham, 1978; Schreyer, 19&it& 1979, 1990; Stevens et
al., 1997b; Gibson et al., 1998; Gibson, 2002; Réteet al., 2002) who have come
to contrasting conclusions regarding the origiteatures.

Interpretations of the metamorphic history of theditic xenoliths of the Archaean
Basement Complex have reflected the evolving delai® eventual consensus
regarding the origin of the Dome, i.e., endogensc &xogenic mechanisms for
Dome formation. Endogenic models for Vredefort Dorfoegmation invoke a
magmatic heat source at the centre of the Domd) aitomalous deformation
features (shatter cones, pseudotachylitic brecads,) attributed to explosive
magmatic processes (e.g., Nicolaysen and Fergus®®0Q). This interpretation
appeared to accommodate a metamorphic field gragi®mwing a radial increase in
temperature towards the centre of the Dome, fromemgchist and mid-amphibolite
facies ‘hornfelsic’ Witwatersrand strata in thelaolto granulite facies cordierite-
orthopyroxene symplectites after garnet in the aofrdhe Dome (Schreyer and
Abraham, 1978; Schreyer, 1983). One of the basnmes of Schreyer’'s (1983)
endogenic model was an apparent crosscutting oektip between the
pseudotachylitic breccias and the Crd-Opx sympkestii.e., symplectite between
garnet and matrix phases appears truncated by goysgudotachylitic breccias
and symplectite is undeveloped between garnet hadpseudotachylitic breccia
matrix. Accordingly, pseudotachylitic breccias wanéerred by Schreyer (1983) to
reflect a late-stage, high-strain-rate event duarggatic granulite event generated by
a local magma diapir. A number of alkali granitedies in the collar of the Dome
were interpreted to be surface expressions of getadeeper pluton to which the
static granulite overprint was attributed (Hall aMidlengraaff, 1925; Nicolaysen,
1990). Schreyer & Abraham (1978) used experimesddd from Hensen & Green
(1971, 1972, 1973) to infer conditions of Crd-Opxplectite formation of 5 kbar
and 700 °C
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As conclusive evidence of an impact origin for ¥edefort Dome accumulated,
i.e., discovery of coesite and stishovite (Martit®,78) and a meteoritic component
in the dykes of Vredefort Granophyre (Koeberl et 40996), the granulites in
Steynskraal were revisited in an attempt to redertbe metamorphic textures with
the impact event (Stevens et al., 1997b; Gibscoal.et1998; Gibson, 2002). These
workers identified an unusual polymetamorphic hgtmvolving three discrete

events, each reflecting equilibration at a différssale.

141 My peak anatectic event (3.1 Ga)

The restitic, coarse-grained assemblages observte iSteynskraal metapelites of
Grt-Crd-Bt-Opx-Qtz-PI-Kfs were interpreted by Staseet al. (1997b) as products
of near-complete melt loss during a peak anatestant (M). As is typical of peak
granulite events, equilibrium is attained at thé&cmp- or metre-scale. Stevens et al.
(1997b) constrained temperatures during based on the stability of coexisting
biotite and HO-undersaturated melt (Stevens et al., 1997a). iiouogly, biotite-
absent Grt-Opx/Crd-Qtz-PI-Kfs restites indicatednperatures in excess of the
upper stability limit of biotite, i.e., > 920 °C #&ens et al., 1997a). Peak pressures
of 5 - 5.5 kbar were determined using the HensehG@reen (1973) conventional
geobarometer based on coexisting garnet, cordieoittnopyroxene and quartz
(Stevens et al., 1997b). Stevens et al. (1997b¢rabd a texture where cordierite
appeared to be replaced by sillimanite and bicditel this was interpreted as
evidence of a high-temperature retrograde backiozawith melt remaining in the
equilibration volume. Stevens et al. (1997b) codetll from the absence of any
post-peak garnet breakdown that retrograde codlorg peak conditions must have
been isobaric. These retrograde textural relatipsshas well as inclusions of
cordierite, sillimanite, quartz and spinel in pegknets, led Stevens et al. (1997b) to
invoke an anticlockwis®-T path for the metamorphism. Based on evidence of an
2.02 Ga U-Pb SHRIMP zircon age obtained by Gibsoal.e(1997) for a small
granite body in the Inlandsee region and evideoncar anticlockwisd>-T path for
the pre-impact metamorphism in the Witwatersrande®group rocks in the collar
of the Dome that Gibson and Wallmach (1995) arguasd related to the Bushveld
Complex event, they attributed this metamorphismntcaplating at deep crustal

16



levels of ultramafic magmas related to the Bushvetnplex at 2.06 Ga. More
recently, Perchuk et al. (2002) studied both thdélacometapelites and the
Steynskraal garnet granulites. Detailed micropralmek from zoned garnet and
orthopyroxene led them to propose peak conditionshfe M, event of around 700
°C and 5 kbar followed by decompressive coolin§G0 °C and 3 kbar.

Recent geochronological work has yielded an Archaege of 3.10 - 3.08 Ga for the
M; event in the core of the Dome (Hart et al., 1988nstrong et al., 2006),
eliminating the Bushveld Complex as a heat sousc¢hie M, event. Since the peak
event occurred within only 10 — 25 Ma prior to thepouring of the 3074 £ 6 Ma
(Armstrong et al., 1991) Dominion Group lavas, urfoomably overlying the
Archaean Basement Complex, extremely rapid exhomattes were invoked by
Lana et al. (2006) during D4 extensional unroofargl collapse of the thickened
crust. A major problem for these authors was the-chockwise P-T path with
isobaric cooling inferred by Stevens et al. (199fb)these rocks from petrological
evidence. The required rapid exhumation rates coatdeconciled with the limited
over-thickening of the crust implied by the isobacboling P-T path of Stevens et
al. (1997b). The incongruence between structurabocgronological and
metamorphic models for the Dome, demands a reaabiai the M metamorphism.
In this study, phase equilibria modelling in THERKIBLC is employed to refine
estimates of peak conditions and more rigorousiystain fragments of the

prograde and retrograde paths based on textuddrese (Chapter 2).

1.4.2 My shock metamorphism (2.02 Ga)

Overprinting the coarse-grained peak assemblagigeibteynskraal granulites from
the core of the Dome are shock deformation androimgact-related features
formed at 2.02 Ga. These include pseudotachylitecdias (Reimold and Gibson
2006), recrystallised planar deformation featuf®BKs) in quartz (Leroux et al.,
1994; Gibson and Reimold, 2005), planar fractufess] in garnet (Gibson and
Reimold, 2005), PFs and mosaicism in zircon (Karhale 1996; Gibson et al.,
1997), and kink-banding of biotite (Wilshire, 197Gjbson and Reimold, 2005).

Plagioclase exhibits shock-induced planar fractunebe outer parts of the core of
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the Dome, with isotropisation, PDF development aretrystallisation to
microcrystalline, plumose aggregates after dialegaiss at higher shock pressures
toward the centre of the Dome (Gibson and Reimd0f)5). Planar fractures are
observed in K-feldspar at low shock pressures endhiter parts of the core of the
Dome and recrystallisation after shock melts indbetre of the Dome (Gibson and
Reimold, 2005).

Experimental calibrations of shock metamorphic @ffein minerals are typically
used to determine shock pressure in natural imp@&itao, 1967; Stoffler, 1972,
1974; Melosh, 1989; Huffman et al., 1993; Langeshet al., 1992; Gratz et al.,
1992; Huffman et al., 1993, Stoffler and Langenhot994; Grieve et al., 1996;
Fel'dman et al., 2006a, b; Sazonova et al., 20@&o0B8ova et al., 2007). Despite
kinetic limitations in extrapolating shock behavidtom the scale of experiment to
real structures (De Carli, 2002), experimental bralions have yielded a well-
documented and consistent hierarchy of shock effecinmonly used to constrain
shock pressure distribution on both regional andalloscales within impacts.
Accordingly, based principally on the observatidriP®F occurrence in plagioclase,
minimum pressure estimates for the Steynskraakétsavwere placed at 15 GPa and
maximum pressure estimates of 30 - 35 GPa wereopeapbased on the evidence
for partial to complete isotropisation of feldspeward the southeast of the traverse
(Gibson and Reimold, 2005). These shock estimaemeaonsistent with numerical
models for the Vredefort structure (Ilvanov, 2008), which minimum shock
pressures of 40 GPa are predicted for the Steyaiskeverse. It is conceivable that
the marked heterogeneity of shock effects on a gbkittion and macro-scale (e.qg.,
Gibson and Reimold, 2005) obscure accurate estina#tshock pressure deduced
from petrographic studies, and actual shock pressattained may be much higher,
approaching those predicted by numerical modelstegb this assertion and more
accurately constrain shock distribution across theynskraal traverse, an
experimental study was undertaken to charactehsekseffects in minerals and the
extent of shock heterogeneity in a complex polymahe pelitic granulite analogous
to the Steynskraal pelitic granulites as a functibmariable shock pressure and pre-
shock temperature (Chapter 7). Central to the exgettal study is the
characterization of progressive structural charigggshases with increasing shock

pressure that are typically obscured through ammeah naturally shocked rocks,
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and which might influence reaction dynamics durgogona development associated

with post-shock metamorphism.

1.4.3 Mg post-shock metamor phism (2.02 Ga)

Adiabatic decay of a shock wave following instaetaus, non-adiabatic shock-
loading of the crust, leads to residual post-impeeiting of the decompressed target
material (Raikes and Ahrens, 1979), which may d@csent to induce static post-
shock metamorphism. The post-impact thermal ewvaiudbf the Vredefort Dome
was modelled using a simple conductive cooling rhéldanov, 2005). Figure 1.8
demonstrates the cooling history of target rocka post-impact depth of 8 km (the
estimated present level of erosion — Gibson etl8B8) and 10 km radius from the
centre of the Dome so as to include the Steynsktemlerse. Post-impact
temperatures increase slowly within the first headihousand years before passing
through a thermal maximum attributed to a delayedting effect of the overlying
melt sheet (lvanov, 2005). For a period of at |daktyr, temperatures within 10 km
of the core of the Dome are nearly 500 °C highanttihe pre-impact temperature of
these rocks (440 + 40 °C for rocks originally bdreg 20 - 25 km depth under an 18
°C/km geotherm; Ilvanov, 2005). Temperatures fose¢h®cks are predicted to have
exceeded the minimum dry solidus of ~800 °C (sesti®@e 6.1 for determination)
for 800 Kyr. The presence of an anatectic meltquibous shock melts and high
diffusion coefficients at these temperatures wofddilitate diffusion-controlled
reaction governed by partial to complete equilioratunder the new post-impact

conditions.

After the initial thermal maximum was attained M3r following impact, the
cooling rate from the thermal maximum to the drjices exceeded 220 °C/Myr
(Figure 1.8). Such rapid cooling rates are unuseeteeding that of all regional
terranes and surpassing the most rapid cooling natedelled in kilometre-scale
contact metamorphic aureoles, e.g., 200 °C/Myrhim Bushveld complex aureole
(Johnson et al., 2004; Longridge et al., 2008)c&itne Steynskraal traverse occurs
within 10 km from the centre of the Dome and sdidemperatures approach 980

°C in the most refractory coronas (Chapter 6), timedelled post-impact



temperatures and cooling rates serve as minimumagsts. Actual cooling rates are
likely to greatly exceed 220 °C/Myr, within minimurauprasolidus reaction

durations approaching 0.2 Myr.
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Figure 1.8: Post-impact thermal evolution of targedcks buried at a post-impact depth of 8 km at
a radial distance of 10 km from the centre of theolde (after Ivanov, 2005). Minimum
suprasolidus cooling rate from [, is > 220 °C/Myr. The outcrops in the Steynskraalea lie
between 5 and 8 km from the centre of the Dome, ¢terooling rates are likely to have been even
higher.

The immediate application of high temperatures vd#tay of the shock wave,
compounded by the rapid cooling rate (>> 220 °C)\yter the thermal maximum
is attained, is unique to the Vredefort Dome. Quplirates are expected to
drastically exceed reaction rates, yielding kirehc constrained conditions
favourable for preservation of textures developedng) the supra-solidus post-
impact thermal overprint. The Vredefort Dome, thpesents the closest-possible
natural analogue to laboratory conditions, in whidragnostic textural and
compositional intricacies of partial equilibriumegpreserved. We are, thus, afforded

the opportunity to constrain fundamental reactioachanisms over a range of



temperatures and cooling rates typically obscuredegional terranes because of

prolonged reaction rates.

Post-impact heating has manifested in the part@hction of pre-impact
metamorphic assemblages in the Steynskraal grasuliteating distinctive corona
textures. Corona textures are developed aroundegamd increase in grain size,
sectoral complexity and thickness toward the ceofrthe Dome (Chapter 4 - 6),
indicating strong temperature and compositional edepnce of the extent of
reaction. This makes them ideal for characteriziogtrols on physico-chemical

reaction dynamics during partial equilibration.

Coronas after garnet from the Steynskraal travesese first investigated in detail
by Schreyer and Abraham (1978). They described ingggestitic, garnet granulites
characterized by partial to complete replacement gafnet by vermicular
orthopyroxene and cordierite symplectite enclosgd dense rim of orthopyroxene.
Microprobe analyses of garnet established homogeneocalmandine-rich
compositions despite their corroded nature. Syntiilecordierite exhibited very
narrow compositional variationXfyg: 0.60 - 0.62;Xug = Mg/(Mg+Fe)) with low
volatile contents. Vermicular orthopyroxene worms the symplectite were
observed to possess high&y than the denser rind separating the symplecte fr
the matrix. Symplectitic orthopyroxene in assooiatiwith spinel possessed the
highestXyy values. Based on the uniformity &f,y in orthopyroxene, garnet and
cordierite, Schreyer and Abraham (1978) applied tlgarnet-cordierite
thermobarometric calibration of Hensen and Greedv3), which yielded &-T
estimate of around 5 kbar and 700 °C. Apparentsecosting relationships between
pseudotachylitic breccias and garnet pseudomorptsSchreyer and Abraham
(1978) to the conclusion that the peak garnet-hgasissemblage and the coronas
formed during a single granulite event relatedgbfuand exhumation of the Dome.
According to them, the pseudotachylitic brecciassinthus, have been emplaced
late during the static metamorphism that causedegdoreakdown. This relationship
appeared to support a local heat source below timeeDand endogenic models for

Dome formation.

Stevens et al. (1997b) described an increase oneagrain size, layer thickness and
degree of garneXygy zonation toward the centre of the Dome. These &rsrialso
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conclusively proved that pseudotachylitic breccipie-dated the symplectite
development, based on the occurrence of undefosyetblectite adjacent to and
intergrown with the pseudotachylitic breccia asskgd. This evidence, in addition
to symplectite-filled shock-induced fractures inrmgst, led them to conclude that
symplectite formation was intrinsically related gost-impact heating at 2.02 Ga.
Thermobarometric estimates using a garnet rim caitipn in local equilibrium
with cordierite and orthopyroxene yielded pressesémates that ranged between
2.7 £ 0.8 kbar at 700 °C and 3.3 = 0.13 kbar at 900(Stevens et al., 1997b).
Stevens et al. (1997b) were not able to fix tempegadirectly - the minimum
temperature of 680 - 700 °C was based on the presainthe undeformed Central
Anatectic Granite (Gibson et al., 1997; Gibson, 20 the Inlandsee Pan area
some 10 km from the Steynskraal area, and a maxiteorperature of 900 °C was
based on the maximum stability of biotite and quartergrowths in orthopyroxene-
bearing granulites at Steynskraal. According ts¢heorkers, the pseudotachylitic
breccias were generated during impact followed twycomitant annealing of the
pseudotachylitic breccia and corona formation. Tlalyibuted the absence of
corona development between pseudotachylitic bremethgarnet to effective local
bulk compositional control, i.e., the matrix compiosn of the pseudotachylitic
breccia (principally comprising feldspar, cordieriand orthopyroxene) is too
depleted in silica to allow formation of the diagtio blocky orthopyroxene-bearing
symplectite against garnet, typical of coronas tgpexl between garnet and quartz.
This contradicts the apparent cross-cutting ratatigp between pseudotachylitic
breccias and garnet as a temporal constraint afclardormation relative to corona
development proposed by Schreyer and Abraham (1978)

The sectoral complexity, increasing grain size tmckness of coronas toward the
centre of the Dome was documented more fully bys@ib (2002). Corona
mineralogy was observed to vary sectorally aborgliat garnet core depending on
the phase originally adjacent to the garnet inrtfarix prior to reaction. Spinel in
the cordierite-orthopyroxene symplectites was olekto occur in aluminous local
effective bulk compositions, i.e., pseudomorphsradtllimanite inclusions in garnet
and along silica-deficient fractures in garnet asetl from quartz-rich matrix
(Gibson, 2002). Where garnet and quartz were aillyipuxtaposed, Gibson (2002)

observed a cordierite-orthopyroxene symplectitedigiga into a plagioclase-
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orthopyroxene symplectite, which in turn is sharghpunded by a blocky
orthopyroxene layer (the dense orthopyroxene rinsepked by Schreyer and
Abraham, (1978)). Elsewhere, where plagioclasaaliyt abutted garnet, Gibson
(2002) noted that the blocky orthopyroxene is ahsand a thick cordierite-
orthopyroxene symplectite grades outwards intorenigailar intergrowth of biotite,
cordierite and plagioclase. Gibson (2002) also woesk blocky orthopyroxene
around biotite and a biotite-plagioclase symplectithere coarse biotite occurs
adjacent to cordierite-orthopyroxene symplectiteeclssate biotite appears to
replace both the cordierite-orthopyroxene sympieend the blocky orthopyroxene,
which Gibson (2002) attributed to back-reactionhvdatmelt. K-feldspar moats were
observed in close proximity to the coronas, betwaatrix quartz and plagioclase
grains. These potassic moats were interpreted bgdai (2002) as remnants of a
low-proportion partial melt with biotite breakdowmder post-impact conditions.
The sectoral complexity initially described by Gibs(2002) as a function of local
bulk composition is investigated extensively in sthstudy through rigorous
petrographic investigation (Chapter 4) and phasdibga modelling (Chapter 6).

Both Gibson (2002) and Stevens et al. (1997b) notedrser vermicular
orthopyroxene in loweKwg bulk rock compositions and samples from closeh®®
centre of the Dome where post-shock temperatures wepected to have been
higher. Microanalysis suggested remarkable homateimeXyq for orthopyroxene,

but marked difference Xy depending on textural occurrence (Gibson, 2002).

Orthopyroxene in the cordierite-orthopyroxene syauopte is significantly richer in
Al than the blocky orthopyroxene rims (0.16 and30-00.05 a.p.f.u. respectively;
Gibson, 2002). Cordieritéyg appears to increase inwards toward the garnemitn
within spinel-rich fractures within garnet. Thernaobmetry on cordierite-
orthopyroxene symplectite pairs in contact withaangt rim (Gibson, 2002) yielded
similar P-T conditions to Stevens et al. (1997b). Gibson (2@@2mpted to refine
post-shock temperatures in the Steynskraal areappyying avPT conventional
thermobarometry in THERMOCALC to corona productplaeing garnet and
biotite. However, temperature estimates were aithpromised by large errors (775
+ 50 °C) (Gibson, 2002) with further refinementuigd.
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Perchuk et al. (2002) identified three generatiafs orthopyroxene in the
Steynskraal metapelites: coarse-grained, Archaetromyroxene (Op; blocky
orthopyroxene enclosing quartz inclusions in ga(@gbe) locally associated with a
plagioclase band (Bl toward garnet; and a third generation of sympiect
orthopyroxene (Opy. Based on this distinction, they divided the &tkyaal rocks
into two groups depending on the presence or absesfc coarse-grained
orthopyroxene (Opy in the peak assemblage. Group A peak assembiiagjesed
Opx. in the peak assemblage, whereas Owas absent from Group B rocks
(Perchuk et al., 2002). In their Group A metapsliteerchuk et al. (2002) described
increasing and more variable chemical zonation whAean phases, thicker Qpx
coronas and more irregular compositions of £xpward the centre of the Dome,
which they attributed to stronger ‘impact alteratidn relatively unaltered Group A
metapelites, they noted more aluminous, unzonedpositions of Opx compared
to Opx and minor compositional variation in symplectitedierite Kug = 0.77 -
0.79). Orthopyroxene-absent, Group B, metapelita®wubdivided into two further
subgroups based on the bulk roXky value and degree of ‘impact alteration’.
According to Perchuk et al. (2002), Subgroup Blksotave higheKygy values and
limited post-impact alteration. Blocky orthopyroxe(Opx) hasXug = 0.42 - 0.44
and symplectitic orthopyroxene (Oxs zoned fromXyg ~ 0.48 to 0.42Xyqg Of
cordierite decreases from ~ 0.67 to ~ 0.61 fromrétiet garnet rim towards blocky
orthopyroxene. According to them, Subgroup B2 eixfigreater impact alteration
and lowerXygy values, with thicker and coarser-grained cordieoitthopyroxene
symplectites and Opxrims (up to 200 um thick). These workers also ol
spinel as inclusions in orthopyroxene (@pwithin the cordierite-orthopyroxene
symplectite filling fractures cross-cutting garn€uartz inclusions in garnet were
noted to be almost completely replaced by orthaoysme (Opx). In Subgroup B2,
the authors measured marked enrichment in Fe megams adjacent to cordierite-
orthopyroxene symplectite (Perchuk et al., 2002. fé&r Subgroup B1Xyy and
Al,0O5 content of Opx and Xy of cordierite increase toward relict garnet (Pakch
et al., 2002).

Based on their petrographic observations, Perchul.2002), proposed a peak
Archaean metamorphic event followed by two staggsost-impact metamorphism.
The Archaean and post-impact trajectories are dewed in Figure 1.9. A steep
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decompressive cooling trajectory was obtained lier Archaean event ()ifrom >
700 °C and ~ 5 kbar to 600 °C and ~ 3 kbar at 3@@4or the Group A metapelites,
by applying thermobarometry to zonation within toarse-grained phases. The first
stage of post-impact metamorphism coincided withrmfdion of blocky
orthopyroxene (Opy and adjacent plagioclase {Pteaction bands in the corona.
The compositions of blocky orthopyroxene (@pxand the nearest garnet rim
compositions and intervening plagioclase moaf)(Rlppear to have been used with
an unspecified thermobarometric calibration to t@ms immediate post-impact
conditions. Results are scattered and highly vigialith pressure estimates ranging
between > 5 kbar and 25 kbar and temperatures bet®&80 °C and 850 °C. In
sample VF5, a decompression-cooling trend was e@enising Opx PhL and garnet
rim compositions, although it is not explained hth& compositions used to derive
the path were chosen and how they relate to edwdr spatially. The second stage
of post-impact evolution inferred by Perchuk et(2002) entailed the breakdown of
garnet to form the cordierite-orthopyroxene (gpsymplectites. In all samples
modelled by Perchuk et al. (2002), a subisobar@licg path was derived from
thermobarometry applied to local cordierite-orthaxgne equilibria, which they
assign to uniqud>-T conditions sequentially during garnet breakdowghsthat
cordierite and orthopyroxene with the highé&ly immediately adjacent to the
garnet rim with the highesXre were last to form at the lowest temperature. In
defining this supposedP-T trajectory, these authors ignore the Al content of
orthopyroxene, regarding Al as ‘inert’ during cosogrowth. This is because Al
content paradoxically increases toward the garnet, rsuggesting highest
temperatures were attained last, an inverse rakdiip to that inferred by these

authors from the Fe and Mg zonation throughousimaplectite.

Perchuk et al. (2002) accommodated the two disBAttrajectories in a three-stage
history: According to them, at 3074 Ma, Archaeaangilites were exhumed up to
the middle crust (3 kbar and 550 °C). This wasofw#d by shock metamorphism at
2023 Ma. Post-impact metamorphism included the #&bion of pseudotachylitic

breccias and rapid heating of the granulites to “@GQduring which blocky opx and

plagioclase corona bands formed), followed by wdeg&ompression to 1 kbar and
550 °C with formation of the cordierite-orthopyramee symplectites. Post-shock

metamorphism is inferred to have taken place omemepecified long time interval.
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Figure 1.9: Pre- and post-impact P-T trajectoriegfthed by thermobarometry on the cores of peak
metamorphic phases and symplectite mineral pairspectively (reproduced from Perchuk et al.,
2002). Yellow circles indicate P-T estimates deterad from the core of garnet, orthopyroxene or
cordierite Archaean phases and define a decompnessiajectory M (solid black arrow). Orange
circles indicate P-T estimates determined from gatnorthopyroxene and cordierite from the
symplectites, defining a P-T trajectory Ndotted arrow).

There are two fundamental problems with the modwivdd by Perchuk et al.

(2002). First, the geodynamic model for Dome aspeiot to impact at 3074 Ma is

untenable. These authors require gravitationalatit@’ of melt-depleted restites
along a shear zone into melt-rich amphibolite fa@é&lower density. Furthermore,
the shear zone invoked is that of the ‘Vredefoscdntinuity’ (Hart et al., 1990),

now negated as a terrane boundary, but interprated transition zone from

granulite to amphibolite facies by Lana et al. &0and Flowers et al. (2003). The
second problem involves a gross underestimationthef duration and scale of
processes operating during large impact eventsalitieors fail to accommodate the
immense instantaneous decompression and exhunddticore rocks observed and
modelled in large terrestrial impact craters (Ivgn@005) in the post-impad®-T

trajectory. It is also possible that they have meausly interpreted the zonation in
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the Archaean phases as a separate event at 3074ghda,it is more likely that this
zonation developed in response to corona formattwreover, it is suspected that
Perchuk et al. (2002) used disequilibrium composgi separated by chemical
potential gradients to obtaiR-T estimates in defining?-T trajectories. The
asymmetrical zonation in Opxomposition with respect to Al, Fe and Mg is bette
explained as a consequence of partitioning of trtera into non-overlapping local
compositions owing to variation in limits of inteegular diffusion for these
components at constaRtandT. In this model of corona formation, variationXpg

is not related to sequential equilibration of malguairs at different pressures and
temperatures, although it may be tempting to useral pairs at intervals through a
structure with asymmetrical zonation to define apaaent decompressive cooling

P-T trajectory.

15 Thesisoutline

The previous sections have outlined an unusualnpetgmorphic history for the
Steynskraal granulites of the Vredefort Dome (Fegur.10), characterised by
equilibrium at a range of scales across the eqatliitn continuum. A unique
opportunity is afforded to constrain intricacies obfetamorphism across the
equilibration continuum from full equilibration fanajor components at the metre-
scale (M) to partial equilibration at the scale of tensitmdreds of microns (M to

disequilibrium at all measureable scales)M

A mid- to deep crustal granulite event \Mat 3.1 Ga has produced coarse-grained,
texturally well-equilibrated restitic assemblages pelitic and greywacke bulk
compositions. New structural models (Lana et #&06) and geochronological data
(Armstrong et al., 2006) for the Vredefort Dome @meonsistent with an anti-
clockwise P-T path proposed by Stevens et al. (1997b). In Chapiepeak
conditions, prograde and retrogra®el paths are reappraised employing more
rigorous constraints afforded by phase equilibr@deiling in THERMOCALC. M

is described as the peak metamorphic event, sinsdhe main anatectic episode in
which the coarse-grained assemblage was produeed tbough temperatures were

considerably higher in Mand M.
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Figure 1.10: P-Tdiagranm demonstrating P¥ conditions determined by previous workers for be
metamorphic event in the Vredefort Don

Postshock heating with adiabatic decay of the shocke, following instantaneou
non-adiabatic loading of the crust during impainduced diffusio-controlled
corona growth around garnet 3). Whilst pressure is reasonably well constrai
during corona growth at - 3 kbar (Stevens et al., 199®ibson, 200: Perchuk et
al., 2002), considerable uncertainty still exists rdgey the temperature constrail
and mechanisms of corona formation during -impact metamorphism. In th
study, the coronas developed after garnet in tegnSkrae granulite: are revisited.
A comprehensive review of corona formation mechasiand texturefor prograde

and retrogradeoronas in regional and contact terrais included in Chapter n
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Chapter 4, a detailed petrographic investigatiowarbna sectoral complexity as a
function of bulk rock composition, local domainaingposition and distance from
the centre of the Dome (i.e., post-shock tempegatisr conducted. The Vredefort
coronas are compared to the coronas reviewed irpt€ha& to establish their
uniqueness as repositories of information regardogyona formation and
equilibration in general. Open-system diffusion aseimatic models of corona
formation (Chapter 5) coupled with phase equilibmadelling in THERMOCALC
(Chapter 6) are used to constrain the complex defgndency between local
domainal bulk composition, post-shock temperaturé degree of equilibration, a
relationship typically obscured in regional metaptoc rocks owing to prolonged
reaction duration. Non-equilibrium thermobaromeigyapplied to the coronas to
more accurately constrain post-impRet conditions (Chapter 5).

A limitation of the phase equilibria modelling textpue employed in Chapter 6 to
simulate corona evolution is the inherent assumptiat the composition of the
effective bulk composition of the corona domain lege in a linear manner with
open-system communication with the surrounding meads all components are
perfectly mobile throughout reaction history. Inalig/, the effective bulk
composition of the corona domain evolves througlm@e complex, non-linear
open-system interaction with the surrounding rdentaccommodated by a simple
T-X section. Non-linear compostional exchange betwévo reactants owing to
variable intergranular diffusivities reduces the dalo relationships to semi-
quantitative at best and yields no information lo@ $patial organisation of reaction
products and evolution of reaction texture. Howegéven these limitations, T-X
sections are able to accommodate higher varianagiteg@ compared to mu-mu
plots and, as such, permit trends in overall mad&rmation preserved in the
corona to constrain sources and extents of metdgpewxchange between EBCs.
Although mu-mu plots remain the preferred technigua which to model corona
textural evolution, there is still valuable inforimm embedded in T-X sections that
demonstrates useful relationships so long as tlpeoppate caution is exercised

when interpreting results.

Impact at 2.02 Ga (M has generated highly heterogeneously distribotethstable
shock metamorphic effects in minerals indicativedadequilibrium at any scale
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larger than a few microns. Published estimates hafcls pressure distribution
throughout the Steynskraal traverse based on obdetvock effects in minerals (15
- 35 GPa, Gibson and Reimold, 2005) are in disagee¢ with predicted shock
pressures from numerical models (40 - 45 GPa, WwaR005). Shock experiments
on a pelitic granulite, analogous to the Steyndkpitic granulites, are thus
undertaken in this study to constrain shock effectsomponent minerals and shock
heterogeneity as a function of shock pressure amdlpock temperature. This work
is one of remarkably few experimental investigagidhat have been conducted on
pelitic polymineralic rocks (Fel’dman et al., 200®a Sazonova et al., 2005). Given
an appreciation of the limitations of extrapolataperimental calibrations of shock
effects to natural impact structures, this studysaito improve resolution and
accuracy of shock pressure distribution across Steynskraal traverse, through
comparison of the experimentally calibrated shofflecés in minerals and those
observed in reality. Furthermore, an understandaigprogressive structural
(isotropisation and/or melting) and compositionameges in phases with increasing
shock pressure, typically obscured through anngatimaturally shocked rocks, is
required when assessing the controls on reactfomtgfduring corona development

associated with post-shock metamorphism.
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