Chapter 2: Archaean metamorphic evolution of metapktes and
metagreywackes of the Archaean Basement Complex ithe core of the

Vredefort Dome

2.1 Introduction

The Archaean Basement Complex exposed in the cbitheoVredefort Dome
includes numerous NW-SE trending, metapelitic, metavacke, metamafic and
lesser meta-ironstone granulites enclosed withid031 3100 Ma tonalitic and
trondhjemitic gneisses (Willemse, 1937; Schreyet Abraham, 1978; Schreyer,
1983; Stepto 1979, 1990; Stevens et al., 1997bsdaitet al., 1998; Gibson, 2002;
Perchuk et al., 2002; Lana et al., 2004; Armstreh@l., 2006). They have been
interpreted as dismembered greenstone remnantst¢St990). These rocks have
undergone a unique polymetamorphic history compgisihree discrete events
introduced in Chapter 1. A mid- to deep crustahgtitie event (M) at 3.1 Ga has
produced coarse-grained texturally well-equilibdatesstitic assemblages in the
metasedimentary granulites. Overprinting the coegraged M assemblage in the
Dome are shock deformation and other impact-reléatures formed at 2.02 Ga
(M2). Subsequent post-shock heating with decay of stieck wave, following
instantaneous non-adiabatic loading of the crustuded diffusion-controlled

corona growth around Mgarnet (M).

The metasedimentary granulites comprise stromaidt lacally massive garnet-
biotite-cordierite/orthopyroxene restites occurrings isolated, discontinuous
outcrops on the farms Jagers Vrede and Steynskedaken 5 and 8 km from the
centre of the Dome (the Steynskraal traverse irurgig2.1). The Steynskraal
metasedimentary granulites range from pelitic teygracke bulk compositions
(Stevens et al., 1997b, Gibson, 2002). Stromatiitigpgranulites are characterized
by garnet-biotite-cordierite mesosomes alternatimy thinner garnet-plagioclase-
K-feldspar leucosomes (Figure 2.2a). Less alunsrend less potassic greywacke
bulk compositions comprise garnet-biotite-orthopygmme mesosomes with garnet-
plagioclase leucosomes (Figure 2.2b). Less commamgnulites appear massive,

with no discrete leucosomes, and are markedlytiesiihe range in textures and
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bulk composition make these rocks ideal for comsing peak metamorphic
conditions attained during the ijMgranulite event at an expansive scale of

equilibration on the order of metres to tens ofrewt

Evidence for two discrete deformation events iss@reed in the Steynskraal
granulites (Lana et al., 2003a). Stromatic, migtitatiayering in the granulites
defines S2 and S3 fabrics (Lana et al., 2003a) h&2 been transposed by the
dominant northwest-trending subvertical S3 fabme aleformed into moderately
steeply NW- or SE-plunging folds (Lana et al., 2803Accordingly, melting must
have begun during the D2 event with peak conditasined during D3. The D2
and D3 events are intimately associated with thpl@wement of distinct suites of
TTGs during terrane accretion and tectonic and nadigncrustal thickening from
3100 — 3080 Ma (Armstrong et al., 2006). Recentcgemological work has
yielded an Archaean age of 3.10 - 3.08 Ga for tleeippact granulite event in the
core of the Dome (Hart et al., 1999; Armstrong let2006). Since the peak event
occurred within only 10 — 25 Ma prior to the outpag of the 3074 £+ 6 Ma
(Armstrong et al., 1991) Dominion Group lavas thaiconformably overlie the
Archaean Basement Complex, extremely rapid exhomattes were invoked by
Lana et al. (2006). A major problem for these arghwas the anti-clockwisB-T
path with isobaric cooling inferred by Stevens let(8997b) for these rocks from
petrological evidence. Lana et al. (2006) propased rapid extensional unroofing
and collapse of the thickened crust occurred dubgat 3068 + 6 Ma along a
major subhorizontal to shallowly northwest-dippstgear zone now exposed in the
southeastern core of the Dome (Broodkop shear #igaere 1.5; Lana et al., 2006;
Armstrong et al., 2006). However, without signifitaoverthickening of the crust
implied by the isobaric cooling path of Stevenslet(1997), rapid exhumation of

the terrane through unroofing and isostatic rebaapyukars untenable.

In this chapter, the Steynskraal metasedimentasigsrare revisited and their pre-
impact textural and mineralogical evolution modegltarough a series of calculated
pseudosections in THERMOCALC V3.25 (April 2007). @wnetapelitic samples
(SK6C and SK9-CLM) and a metagreywacke sample (SK4éontaining
appropriate low-variance peak assemblages allow peak P-T constraints to be
estimated for the M anatectic event. Pseudosections constructed for
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Figure 2.1: Geological map of the Jagers Vrede aSteynskraal farms, i.e., the Steynskraal traverseoflified after Stepto, 1979), showing sample lotie$
from this study and structural data from Simpson917) and Lana et al. (2003a).



melt-reintegrated compositions for all samples@repled with observed inclusion
relationships in garnet to constrain the progradepath. Published tectonic models
for the evolution of the Vredefort terrane are mapsed given the new quantitative

petrological constraints on peak, prograde andgeade conditions.

Figure 2.2: Metasedimentary garnet granulites froi8teynskraal and Jagers Vrede. (a) SK6C:
Stromatic metapelitic migmatite showing large gateen the leucosome, partially replaced by a
symplectite rim. (b) SK4A: Fine-grained, orthopyrere-bearing metagreywacke cross-cut by
pseudotachylitic breccia. Localities are shown inglre 2.1.
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2.2 Mesoscopic sample description

A total of 25 samples were collected across thgriStgaal traverse (Figure 2.1)
encompassing both pelitic and greywacke bulk comipos. Three samples
exhibiting lowest variance peak assemblages wearserhfor the purpose of detailed
phase equilibria modelling in this study. They ud# two pelitic samples (SK6C
and SK9-CLM) and a metagreywacke (SK4A).

2.2.1 Metapelites (SK6C, SK9-CLM)

Metapelites may be distinguished at the mesoscepmle from interlayered
metagreywackes by the absence of orthopyroxenédnniesosomes and by the
presence of cordierite-rich lamellae in more alwom bulk compositions.
Cordierite-rich lamellae are characterized by a kyawhite pseudomorph
enveloping included biotite. In general, the melitge are stromatic and are
characterized by garnet-cordierite-spinel-biotieating mesosomes and discrete
garnet-K-feldspar-plagioclase-bearing leucosomesgu(é 2.3). The terms
mesosome and leucosome are used here as desdapinge the leucosome refers to
the garnet- and feldspar-rich segregations andnésosome refers to the cordierite-,

orthopyroxene- and biotite-rich host.

SK6C

In hand specimen, SK6C is characterized by coarsé.§ cm), subhedral garnet
porphyroblasts in the leucosomes (Figure 2.3a,nk)faner-grained (0.1 - 1.5 cm)
subhedral to anhedral garnet porphyroblasts inniesosomes (Figure 2.3a, c).
These stromatic migmatites lack melanosomes sépgratucosome from

mesosome. The leucosomes occur parallel to therdornfabric, S3. Leucosomes
that cross-cut the dominant layering are less comraod appear to connect the
layer-parallel leucosomes, forming a network. Witline mesosomes, idioblastic
faces are better preserved where garnet is adjacequiartz or feldspar (Figure

2.3d). The greater tendency toward idioblastic lolauies where garnet is enclosed
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by leucocratic phases suggests growth in the pcesefa melt (Sawyer, 1999).
Biotite and cordierite form distinct bands or seamghe mesosomes that appear to
deflect or wrap around garnet (Figure 2.3b). Beo#issociated with cordierite in the
mesosomes appears to be partially replaced by exgfimined, cream-coloured

aggregate in hand specimen (Figure 2.3e).

SK9-CLM

Sample SK9-CLM is massive with no discrete leucticrayers but rather patchy,
leucocratic segregations (Figure 2.4). Coarse-gta{0.2 - 2.0 cm), inclusion-rich,
subidioblastic garnet porphyroblasts are nearlyira@gt replaced by symplectite
reaction products via a system of intersecting khioduced fractures (Figure 2.4).
Biotite-rich mantles enclose garnet and definefthiation. Locally, a fine-grained

aggregate replacing biotite and, potentially, milnite enclosed by cordierite, is

observed, identical to the one in SK6C.

2.2.2 Metagreywackes (SK4A)

The Steynskraal metagreywackes (e.g., SK4A) ariedijp finer-grained than the

metapelites (Figure 2.5). Average garnet grain $z®.3 cm. These rocks are
stromatic with thin, diffuse, indistinct leucosom@®sent locally. A sub-vertical S3
fabric is defined by garnet-orthopyroxene-biotitesmsomes alternating with more
feldspathic leucocratic segregations. SK4A is cyt gseudotachylitic breccias
(Figures 2.2b and 2.5).
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Figure 2.3: SK6C (polished hand specimen). (a) Arget-cordierite-biotite-bearing stromatic
metapelite from the farm Jagers Vrede. (b) Coarsebhedral garnet porphyroblasts (> 1.5 cm)
occur in the leucosome adjacent to finer subhedtal anhedral garnet porphyroblasts (0.1 - 1.5
cm) in the mesosome. A biotite and cordierite seamthe mesosome wraps around garnet
aggregates in the mesosome. (c) Subhedral to anhkgarnet porphyroblasts (0.1 - 1.5 cm) occur
in the mesosomes. (d) Garnet straddling a mesosteneesome boundary - garnet exhibits
idioblastic boundaries adjacent to quartz and fghds in the leucosomes. (e) A biotite and
cordierite seam in the mesosome, in which biotisepiartially to completely replaced by a cream-
coloured, cryptocrystalline pseudomorph shown to &e intergrowth of cordierite, biotite and
spinel from thin section petrographic investigatid€hapter 4).
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Figure 2.4: SK9-CLM. Massive garnet-cordierite-bité-bearing metapelite from the farm
Steynskraal. Leucocratic patches enclosing peritegarnet characterise this rock, rather than the
stromatic, leucocratic layers typical of SK6C. Gats are highly fractured and almost completely
replaced by a cordierite-orthopyroxene symplectite.
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Figure 2.5: SK4A. Garnet-orthopyroxene-biotite-béag

stromatic metagreywacke from the farm Jagers Vre@ark-

grey, cryptocrystalline pseudotachylitic breccidgtlf) crosscut
the sample forming a fine, interwoven mesh in place
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2.3 Petrography

2.3.1 Metapelites

The lowest-variance peak assemblages (garnet, ecibedi biotite, K-feldspar,
plagioclase, quartz, ilmenite £ spinel + rutileg dound in the metapelites (SK6C

and SK9-CLM), making them ideal for constrainingk®-T regimes.

SK6C

Sample SK6C contains a medium- to coarse-grainesendsage of garnet,
cordierite, spinel, biotite, plagioclase, K-feldspguartz, ilmenite and rutile. Garnet
constitutes 25 - 35 vol%, biotite 10 - 15 vol% araddierite < 5 vol% of the peak
assemblage. The absence of magnetite and preséngileo suggests low oxygen
fugacity during peak metamorphism (White et alQ@0 Anhedral, elongate garnets
in the mesosomes are mantled by biotite-cordiepieel seams, which define a
foliation (Figure 2.6). Garnet porphyroblasts camtenclusions of quartz, biotite,
sillimanite, cordierite and hercynitic spinel (withcordierite) (Figure 2.7a-d).
Notably, the association of quartz and spinel agdusions in garnet that was
reported by Stevens et al. (1997b) is not obseirveédese samples. Planar fractures
cutting garnets contain a fine-grained cordieritiv@pyroxene-spinel symplectite
(Figure 2.7b). The margins of the garnets have bestaced by cordierite-
orthopyroxenezspinel symplectite, grading into @itplagioclase-, K-feldspar-, or
biotite-dominated symplectite or blocky orthopyroge depending on the matrix
mineral with which garnet is reacting. Corona mategy and textures are described
more fully in Chapter 4. Where matrix biotite i€hnded in cordierite, it is partially
replaced by a pseudomorphous aggregate of ortheogyep biotite and cordierite
(Figure 2.7e, f). In places, a monomineralic caitBemoat encloses fine-grained
cordierite-spinel pseudomorphs after what appearatve been euhedral sillimanite
(Figure 2.7¢, ).
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Figure 2.6: Scanned thin section from SK6C mesosomehedral, inclusion-rich syntectonic
garnets deflect a fabric defined by biotite-cordierseams. Field of view is 4 cm in height.
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Figure 2.7: SK6C. (a) Transmitted light photomicrogph of cordierite enclosing spinel included
within garnet (plane-polarised light, PPL). (b) B&escattered scanning electron (BSE) image of a
cordierite inclusion in garnet. Hercynitic spinelsiin turn included within cordierite. Note the
horizontal impact-induced fracture displacing garh@and cordierite in a sinistral sense, annealed
by symplectite.
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Figure 2.7 continued: SK6C. (c) Transmitted lighthptomicrograph of sillimanite and quartz

inclusions in garnet (crossed-polarised light, CRPL{d) BSE image of a sillimanite inclusion in

garnet in (c). Sillimanite has been replaced by aultitlayer corona comprising monomineralic

cordierite adjacent to garnet, followed sharply byvermicular symplectite of orthopyroxene, spinel
and plagioclase adjacent to sillimanite. Garnet rieplaced (top and bottom right) by cordierite-
orthopyroxene-spinel symplectite.
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Figure 2.7 continued: SK6C. (e) Transmitted light hptomicrograph of spinel-cordierite
symplectite after sillimanite enclosed in peak cumdite and biotite (PPL). The latter has been
partially to completely replaced by a younger geagon of biotite, cordierite and orthopyroxene.
(f) BSE image of the spinel-cordierite pseudomorpfier sillimanite. Peak biotite has reacted with
sillimanite and peak cordierite to form an intricat symplectitic intergrowth of biotite,
orthopyroxene and cordierite A cordierite moat sepges the biotite-rich symplectite from the
cordierite-spinel symplectite after sillimanite.
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SK9-CLM

Sample SK9-CLM comprises a coarse-grained, leutiocessemblage of garnet,
biotite, cordierite, plagioclase, K-feldspar, quagpinel and ilmenite (Figure 2.8).
Subidioblastic garnet porphyroblasts occur irredulacattered throughout the rock
(Figure 2.8), in contrast to SK6C where anhedrallusion-rich garnets characterize
the mesosome. Garnet is almost completely repladed cordierite-
orthopyroxenezspinel symplectite, grading into it K-feldspar-, plagioclase- or
orthopyroxene-dominated corona layers (Figure 29adepending on the matrix
reactant mineral immediately adjacent to garnet (€hapter 4). Relict garnet
fragments are cut by shock fractures with a blaeket (Figure 2.8). The black
colour of the shock fracture assemblage is impdabotiethe presence of dark-green
hercynitic spinel. Biotite is fairly common in timeatrix and defines a weak foliation
(S3). Garnet comprises 30 - 40 vol%, biotite 18 v&l% and cordierite < 5 vol% of

the SK9-CLM peak assemblage.

Garnet includes sillimanite, quartz, biotite, Kefgspar, and plagioclase. Sillimanite
inclusions are completely pseudomorphed by a cotelispinel symplectite.

Cordierite includes biotite, sillimanite (cordierispinel pseudomorph) and spinel.

Biotite included within cordierite has been replhcby symplectitic biotite-
cordieritexorthopyroxene pseudomorphs (Figure 2i9cSeparated from the biotite
aggregates by a cordierite moat are cordieriteet@ymplectites pseudomorphing
bladed sillimanite inclusions in cordierite (Fig2éd). A similar texture involving
cordierite-spinel symplectite and an associatedliedte moat partially replacing
andalusite was observed by Johnson et al. (2004hancontact aureole of the
Bushveld Complex, which they attributed to upper phibolite facies
decompression caused by rise of footwall pelitediapiric floor structures. Locally,
peak cordierite also encloses a Zn-rich (Sectidn Zable 2.4d) spinel which is

partly pseudomorphed by a younger generation afe$pt cordierite (Figure 2.9e,
f).
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Figure 2.8: SK9-CLM scanned thin section. Idiomorjh garnet porphyroblasts (now almost
entirely replaced by cordierite-orthopyroxene-spinesymplectite) are irregularly scattered
throughout a matrix of plagioclase, K-feldspar, atierite and biotite. Biotite and sillimanite
enclosed in cordierite are almost entirely replacdwy biotite-cordierite-spinel-orthopyroxene
symplectite products. Vertical dimension 4 cm.
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Figure 2.9: SK9-CLM. (a) Transmitted light photoniiograph of a garnet porphyroblast, now

almost entirely pseudomorphed by cordierite-orthogyene-spinel symplectite, grading into

plagioclase + biotite £+ monomineralic blocky orthgmxene rind depending on local domainal

bulk composition dictated by reactant immediatelgjacent to garnet (PPL). (b) BSE image of a
garnet porphyroblast enclosed by quartz, perthikefeldspar, and minor biotite. Garnet is almost

completely replaced by cordierite-orthopyroxenersgisymplectite. The modes and morphology of
symplectite products vary depending on which matmxineral reacted with garnet. Corona

mineralogy is discussed more comprehensively in Giea 4.
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Figure 2.9 continued: SK9-CLM. (c) Transmitted ligh photomicrograph of symplectite

development after peak sillimanite and biotite inded in cordierite (PPL). Pseudomorphed
sillimanite blades are characterized by a dense raggte of spinel and cordierite enclosed by a
monomineralic cordierite moat, which grades into @rdierite-orthopyroxene-biotite symplectite
replacing peak biotite. (d) BSE image of cordier$pinel symplectite after sillimanite adjacent to a
cordierite-biotite symplectite after peak biotitenciuded in cordierite, separated by a
monomineralic cordierite moat.
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Figure 2.9 continued: SK9-CLM: (e) Transmitted liglphotomicrograph of spinel-cordierite-pyrite
symplectite after peak spinel included in peak cerite (PPL). (f) BSE image of spinel-cordierite-
pyrite symplectite after peak spinel included withtordierite.
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2.3.2 Metagreywackes

Orthopyroxene-bearing metagreywackes (SK4A) corddiime- to medium-grained
assemblage comprising garnet (20 - 30 vol %), @yhoxene (10 - 20 vol %),

biotite (5 - 10 vol %), quartz, plagioclase, K fgbér and ilmenite (Figure 2.10). An
intricate pseudotachylitic breccia vein networkgiaug from microns to millimetres

is present. The finest pseudotachylitic breccias laighly tortuous and appear
preferentially developed in biotite-rich portion$ the matrix adjacent to garnet
(black arrows, Figure 2.10). A planar fabric is idefl by leucocratic,

quartzofeldspathic segregations alternating  with rngfaorthopyroxene-rich

mesosomes. Garnet is partially mantled by orthomme (Figure 2.11a, b). Biotite,
guartz, K-feldspar and plagioclase occur as inohsiin both orthopyroxene and
garnet. Notably, orthopyroxene is not included erngt. Matrix biotite occurs

commonly adjacent to orthopyroxene and appearsetoeplacing orthopyroxene
(Figure 2.11b).

Figure 2.10: SK4A - scanned thin section (Width 6&ld of view is 4 cm) showing garnet- and
orthopyroxene-rich layers alternating with leucoctia, quartzofeldspathic layers. The
pseudotachylitic breccias (Ptb) are constrained tile margins and fractures within garnet,
forming a fine, anastomosing network.
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Figure 2.11: SK4A. (a) Transmitted light photomicgoaph of peak orthopyroxene partially

mantling garnet (PPL). Plagioclase, quartz and Kldspar are commonly included in garnet and
orthopyroxene; however orthopyroxene inclusions igarnet are conspicuously absent. (b)
Transmitted light photomicrograph of peak orthopytene partially mantling garnet (PPL). Biotite

appears to be replacing both garnet and orthopyroge The white border indicates the garnet
grain boundary and the orange border delineates tbeghopyroxene boundary. Pseudotachylitic
breccia (Ptb) occurs immediately adjacent to intehsshock fractured garnet. Biotite is intensely
kink-banded.
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2.4 Bulk-rock compositions

Whole-rock major element compositions were deteeghiby XRF spectrometry on
a Philips 1404 Wavelength Dispersive spectrometer tte University of

Stellenbosch. The spectrometer is fitted with at&ye and six analysing crystals,
namely: LIF200, LIF220, LIF420, PE, TLAP and PXheldetectors are a gas-flow
proportional counter, scintillation detector or @xbination of the two. The gas-
flow proportional counter uses P10 gas, which migure of 90% Argon and 10%
Methane. Major elements were analysed on a fusess diead at 50 kV and 50 mA
tube operating conditions. Matrix effects in thempées were corrected for by
applying theoretical alpha factors and measured bmerlap factors to the raw

intensities measured with the SuperQ Philips saftwa

Whole-rock XRF analysis was performed on 25 samfiesonstrain appropriate
bulk compositions for phase equilibria modelling datentative provenance
determination. Compositionally and mineralogicaigmples may be divided into 2
clusters, namely, orthopyroxene-bearing, subalunsrmoetagreywackes (Table 2.1)
and more aluminous and potassic cordierite-beanmggapelites (Table 2.2). In
Tables 2.1 and 2.2Xwgy = molar Mg/(Fe + Mg). Figure 2.12 demonstrates
compositional heterogeneity on an AFM projectioanir quartz, K-feldspar and

plagioclase.

In Figure 2.13, FeO+MgO is plotted againsbO{(K,O+NgO), facilitating
comparison of samples in this study with metasedimdrom the Barberton
Greenstone Belt (Dziggel et al., 2006), the averagdaean and Proterozoic shale
(McLennan, 1982), and the average Post-Archaeale ghaylor and McLennan,
1985). All samples in this study are more ferroneign than the average Archaean
shale (AA), Proterozoic shale (AP), Average Posthaean shale (PAAS) and
average greywacke and arkosic compositional field€hacko et al. (1992) and
Pettijohn et al. (1987). Likewise, most of the Batbn greywackes reported by
Dziggel et al. (2006) are less potassic and fergmasian than the samples from the

Steynskraal traverse.
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Table 2.1: XRF Bulk rock compositions: Metagreywacks (wt%)

Peak assemblage: garnet-biotite-orthopyroxenet{dk, 1Im)

SK1 SK

Sample (;[(l\j) (S?_',\\/'A) SKS SK8F  SK8C (EEI?AA) (S;-Izzz) SK1F STit)”:- 1525x 1P2TC :LSZKE QBS'Ts) 4(?(%1 4(?(:;2 ;/oTﬁ 2(%?1) S:DﬁA
TAG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 C
Sio, 59.14  60.93 5877 57.43 60.56 6259 56.37 58.74 4859. 5433 57.66 57.54 61.2 5894 59.38 54.67 57.568.2%
TiO, 0.77 0.58 0.64 0.64 0.7 0.71 0.66 0.61 0.69 0.71 650. 0.72 0.59 0.68 0.68 0.56 0.77 0.72
AlL,O; 14.04 1457 1406 1458 1442 1417 1438  14.07 425 143 14.44  13.96 15.4 1412 1419 1258 1559 .4914
Fe,0, 1254 1279 1467 15.6 12.39 9.8 18.06 1576  10.649.71 1576  14.71 10.5 1549 1412 2219 12.93 4142
MnO 0.36 0.22 0.42 0.25 0.25 0.84 0.26 0.29 0.31 0.3 230. 0.69 2.24 0.30 0.30 0.51 0.18 0.28
MgO 6.44 5.46 6.09 6.16 6.04 6.16 7.04 6.44 6.59 6.88 .146 6.92 5.12 6.29 5.96 6.44 5.44 5.84
CaO 1.35 1.17 1.11 0.95 1.02 1.46 0.9 0.93 1.6 0.66 81.0 092 1.78 1.11 1.23 1.29 1.34 1.27
Na,O 2.13 1.97 1.63 1.55 2.05 1.99 1.17 1.48 2.55 146 541 177 1.68 1.47 2.31 0.62 2.42 2.15
K,0 2.12 1.58 0.85 1.18 1.41 1.7 0.62 1.08 1.42 1.08 031. 1.08 0.78 0.56 0.84 0.3 1.94 2.08
Cr,03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 .010 001 0.01 0.01 0.01 0.01 0.01 0.01
NiO 0.05 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.07 0.06 .06 0 0.04 0.03 0.04 0.04 0.05 0.05 0.05
P,Os 0.08 0.07 0.07 0.07 0.06 0.07 0.06 0.08 0.09 0.07 .06 0 0.06 0.11 0.06 0.07 0.28 0.07 0.07
LOI 1.44 1.45 1.46 1.47 1.41 1.37 1.34 1.42 1.48 132 391 141 0.3 1.49 1.47 1.38 151 1.43
Total 100.46 100.82  99.8 99.93 100.36 100.92 100.92 B300.900.34 100.87 100.03 99.82 99.74 100.56 100.610.860 99.8  100.92
Xwmg 0.50 0.46 0.45 0.44 0.49 0.55 0.44 0.45 0.55 041 440 048 0.49 0.45 0.46 0.37 0.45 0.45

All Measure Fe is assumed to be®e Xy, = molar Mg/(Fe + Mg)
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Table 2.2: XRF Bulk rock compositions: Metapeliteqwt%)

Peak assemblage: garnet-cordierite-biotite (PlstKi, +Ru )

Sample SK6 SK11 SK1-CA(i) SK1CA(i)C SK9-CLM SK6C-(1)
TAG 18 19 20 21 A B
SiO;, 59.74 55.84 61.13 60.03 59.83 59.89
TiO, 0.84 0.93 0.72 0.70 0.75 0.62
AlL,O; 17.56 19.25 15.11 14.22 15.44 16.86
Fe,0, 8.61 8.88 10.72 12.76 11.76 9.52
MnO 0.18 0.12 0.21 0.25 0.22 0.26
MgO 6.52 6.93 5.64 6.64 6.35 5.77
CaO 1.12 1.52 1.17 0.85 0.78 1.27
Na,O 2.00 2.41 2.37 1.63 1.41 2.25
KO 2.26 2.27 2.13 1.78 221 2.18
Cr,03 0.01 0.01 0.01 0.01 0.01 0.01
NiO 0.06 0.09 0.05 0.05 0.04 0.05
P,Os 0.07 0.09 0.07 0.07 0.06 0.09
LOI 152 1.62 151 151 1.54 157
Total 100.48 99.95 100.84 100.48 100.4 100.36

ng 0.60 0.61 0.51 0.51 0.52 0.55




Figure 2.12: AFM projection from quartz, plagioclasand K-feldspar of bulk rock samples from the Siskraal-Jagers Vrede area. Metagreywackes = green
circles; Metapelites = blue circles. Numbers refeer Tags in Tables 2.1 and 2.2. A, B and C are tlzenples investigated petrographically and modelled i
THERMOCALC (A = SK9-CLM; B = SK6C; C = SK4A).
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Figure 2.13: Plot of FeO+MgO vs. ¥O/(K,O+NaO) (wt%) comparing Steynskraal metapelites (bluectds) and metagreywackes (green circles) with ¢gbi
greywackes and arkoses (Chako et al., 1992; McLemaad Taylor, 1985; Pettijohn et al., 1987). The &kraean (AA) and Proterozoic (AP) shale averages are
taken from McLennan (1982) and the average post-Baean shale (PAAS) from Taylor and McLennan (1983Yafic sediments from the Barberton
greenstone belt are included for comparison (yelldiamonds, Dziggel et al., 2006). Melt-reintegratebtolith compositions for SK9-CLM (open blue cles
A’), SK6C (open blue circle-B’) and SK4A (open greeircle-C’) are included (see Section 2.6.2 forgmedure).
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A comparative isocon plot of the average Steynskrazetapelite and
metagreywacke against PAAS (Taylor and McLennaB518igure 2.14a) indicates
relative enrichment in MgO, FeO and Jaand relative depletion in K, TiO,
Al,O3; and, to a lesser extent, CaO.(Kdepletion and FeO enrichment is most
marked in the metagreywacke. The Steynskraal migegpand metagreywackes are
relatively enriched in MgO, FeO and TiOwith depletion in NgO and CaO
compared to the average Archaean shale (McLenr@82)1(Figure 2.14b). Only
the Steynskraal metagreywackes are less potasmic AA. In Figure 2.14c, the
average Steynskraal metapelite and metagreywaadke dépletion in KO and CaO
and enrichment in MgO and FeO relative to the ayer#&roterozoic shale
(McLennan, 1982).

Given the evidence of melting and melt extractianthe Steynskraal granulites,
disparity between average shale analyses repoytddchennan (1982), Taylor and
McLennan (1985), Chako (1992) and Pettijohn e{1887) and the samples in this
study may in part be attributed to melt loss amdaakedly more restitic character of
the Steynskraal granulites. Melt-reintegrated batkmpositions (Section 2.6.2;
White et al., 2004) from phase equilibria modelliog SK9-CLM (A’), SK6C (B’)
and SK4A (C’), approach the Average Archaean Stlzalalysis of McLennan
(1982), but are still more enriched in FeO and M&@ure 2.15). Moreover, melt
reintegration appears to enhance depletion in Gd@dive to AA, AP and PAAS.
High NiO and MgO contents suggest a primitive, Gaio+, ultramafic provenance

for the Steynskraal sediments.

Mafic and ultramafic xenoliths (Table 2.3) in clgz®ximity to the metapelites and
metagreywackes of the Steynskraal traverse arsifitsas magnesian komatiites
according to the MgO-CaO-AD; classification diagram of Viljoen et al. (1982)
(Figure 2.16a). In Figure 2.16b, the mafic gramglifrom the Steynskraal area and
the oldest TTG sialic crust exposed in the coréhefVredefort Dome (Lana et al.,
2004), are compared with the Steynskraal metasedane rocks on an AOs-
(CaO+Na0)-K,0 diagram (Nesbitt and Young, 1984). On this diagraediments
and potential provenance sources may be evaludibd. Chemical Index of
Alteration (CIA = [ALO3/(Al;,03 +CaO+NaO+K,0)]*100) defines the magnitude
of the compositional vector trending parallel te thaO+NgO-Al,O5 axis in Figure



2.16b, which accounts for the loss in mobile Ca@ Hga0 from sediments derived
from source rocks during weathering. A simple mixbretween TTGs and the mafic
granulites accounts for the compositional variatianthin the Steynskraal
metasediments. Metagreywackes are characterized niafic provenance

predominantly, with a limited contribution of TTGlitus. In contrast, more sialic,

evolved granodiorites are a likely provenance setwoc the Steynskraal metapelites.

The high CIA values for the Steynskraal metasedimyeand deviation from a linear
mixing line between sialic TTG crust and mafic gri#es, attests to marked loss of
NaO and CaO with weathering as is typical of Archagatapelites (e.g., Fedo et
al., 1995). Fedo et al. (1995) ascribe aggressivemical weathering in the

Archaean to high CQcontents in the Archaean atmosphere.
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Figure 2.14: Isocon plots comparing elemental abuamtes in Steynskraal metagreywackes (green
circles) and metapelites (blue circles) with the) (average post-Archaean shale (PAAS) from
Taylor and McLennan (1985) (b) average Archaean $h4AA) and (c) average Proterozoic (AP)

shale from McLennan (1982).
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Figure 2.15: Isocon plots comparing elemental abuarttes in a melt-reintegrated Steynskraal
metagreywacke composition (SK4A, green diamond) awd metapelites (SK6C and SK9-CLM
cyan and blue diamonds, respectively) with the @)erage post-Archaean shale (PAAS) from
Taylor and McLennan (1985) (b) average Archaean #h#AA) and (c) average Proterozoic (AP)

shale taken from McLennan (1982).
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Figure 2.16: Bulk chemical compositions of ultram@f and mafic granulites associated with
metapelites and metagreywackes of the Steynskrealerse. (a) CaO-MgO-AD; geochemical
classification diagram of Viljoen et al. (1982). @nge circles: ultramafic and mafic granulites
from the Steynskraal traverse. Numbers in the metdin data points are the tags for each analysis
in Table 2.3. (b) AIOs:-(CaO+Ng0)-K,O diagram for metapelites, metagreywackes, mafic
granulites and TTG gneisses from the SteynskraatarNesbitt and Young, 1984). Average TTG
and granodiorite data are from Lana et al. (2004).
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Table 2.3: XRF Bulk rock compositions: Mafic granuites (wt%)

Sample V1351 VT354 VT435 VT451 VT455  VT508 VT534 VT538 ¥b5 VT580 VT591 VT592 VT603 VT606 VT619  VT649 VT651VT704
TAG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
SiO, 56.16 48.94 47.42 48.29 49.47 49.56 46.80 48.83 2148. 48.79 55.59 47.72 49.66 43.62 50.29 47.73 48.4748.87
TiO, 0.36 0.53 0.42 0.38 0.64 0.62 0.48 0.42 1.78 182 111 0.18 0.66 0.77 0.43 0.42 111 0.24
Al,O3 10.99 4.57 8.55 7.79 6.43 5.46 8.35 7.99 11.95 111.7 11.05 8.01 5.19 10.53 4.76 13.50 13.97 5.35
Fe,03 10.06 13.70 12.01 11.55 12.80 12.42 12.04 11.23 1017. 17.72 11.24 9.56 13.96 11.30 9.92 10.92 13.76 .2510
MnO 0.19 0.22 0.21 0.18 0.19 0.18 0.18 0.17 0.21 022 240 0.16 0.20 0.20 0.19 0.18 0.20 0.18
MgO 9.51 21.35 2151 23.51 22.99 23.18 22.65 20.82 5.84 5.98 3.73 2491 20.61 15.62 19.98 9.75 7.88 21.62
CaO 7.47 9.84 6.78 7.20 5.65 5.46 7.50 7.26 9.50 9.66 0.60L 6.17 6.32 13.22 11.22 11.19 10.63 9.80
Na,O 3.73 1.03 1.16 1.25 1.97 1.82 1.52 1.44 3.79 3.15 424 0.69 2.62 1.77 1.08 2.97 2.69 1.30
K,0 0.16 0.00 0.16 0.00 0.17 0.19 0.01 0.00 0.20 0.16 .150 0.00 0.59 0.67 0.00 0.58 0.00 0.00
P,Os5 0.03 0.01 0.03 0.02 0.07 0.06 0.04 0.03 0.25 0.24 .120 0.00 0.07 0.43 0.00 0.09 0.10 0.02
LOI -0.17 -0.35 0.19 0.31 -0.16 0 0.24 0.57 0.21 0.25 0.04 0.63 -0.08 0.61 0.27 0.78 -0.3 0.57
Total 98.49 99.84 98.44 100.48 100.22 98.95 99.81 98.76 9.049 99.7 98.21 98.03 99.8 98.74 98.14 98.11 98.51 98.2
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2.5 Mineral chemistry

Compositional data were obtained using the CAMECA B0 Electron Probe
Micro Analyser at the University of Pretoria. Angily was conducted using
wavelength dispersive spectrometers with an acabey voltage of 20 kV, a
current of 20 nA and a beam diameter of 1 to 3 Natural materials were used as
standards. Representative analyses are given ilesrabl - 2.7. Garnet, biotite and
orthopyroxene analyses were recalculated usingstftevare AX (T.J.B. Holland,
unpublished, December 2007Mttp://www.esc.cam.ac.uk/astaff/holland/ax.html

Spinel analyses were recalculated using the metlidgarnes and Roeder (2001,
updated 2004).

Three samples (SK6C, SK4A and SK9-CLM) were anayse detail, with

proportionally more data in SK6C and SK4A where atiprelated corona
development is less extensive and, consequentlye swmpositional information of
peak Archaean conditions is preserved. All minaralyses for SK6C, SK9-CLM
and SK4A and the respective bulk rock compositians plotted on an AFM
projection from quartz, plagioclase and K-feldspigure 2.17). The ubiquitous
presence of plagioclase in the peak assemblagareeqprojection from excess
plagioclase to allow bulk compositions and minemanpositions to be plotted on

the same diagram (e.g., Stevens et al., 1997b).

In both the metapelites (SK9-CLM and SK6C) and mhetagreywacke (SK4A),
garnet is almandine-rich with negligible grossubard spessartine components.
Garnet in SK9-CLM (Table 2.4a, Figure 2.17) is tm®st iron-rich andXam
(=Fe/(Fe+Mg+Mn+Ca)) ranges from 0.65 to 0.77. Gtrna SK9-CLM exhibit
asymmetric zonation profiles ranging from the mosignesian compositions in
relict sectors of garnet where replacement by sgotpé is limited, grading into
more Fe-rich compositions toward the garnet mamgijacent to biotite where
symplectite is best developed (Figure 2.18). Gaimoeh SK6C is more magnesian,
with Xam ranging from 0.51 to 0.63 (Table 2.5a, Figure 2.X8arnet zonation
profiles in SK6C are highly irregular, reflectingnable re-equilibration to higher
Xre [= molar Fe/(Fe + Mg)ladjacent to inclusions and symplectite developed in
fractures under post-impact conditions. In SK4Arngés are Fe-rich withKam
values between 0.60 and 0.67 (Table 2.6a, Fig@@).2Garnet zonation profiles for
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SK4A are flat with no systematic zonation. The aloseof marked zonation in
SK4A is consistent with limited corona developmed lowest post-shock
temperatures modelled in the northwest of the tissvéarthest from the centre of the

Dome (see Chapters 4 and 6).

In SK9-CLM, cordierite core compositions rangeXp. value from 0.19 to 0.31
(Table 2.4b; Figure 2.21). The most Fe-rich comjpmss occur closest to included
biotite (Figure 2.21a, d) and orthopyroxene (FigRr2lb, e). In SK6C, cordierite
Xre Values vary from 0.11 to 0.17 (Table 2.5b; FigRr22), with the most Mg-rich
compositions occurring as inclusions in garnet.d@oites in SK6C exhibit both
asymmetric and symmetric profiles. In Figure 2.2@prdierite is zoned
asymmetrically with respect t¥r,, i.e., Xre in cordierite grades to more Fe-rich
compositions toward adjacent biotite, reflectingcdlb domainal post-peak re-
equilibration (Figure 2.22b, d). Cordierite incloiss in garnet (Figure 2.22c, €) are
typically symmetrically zoned, with the most Fehlricompositions adjacent to the
symplectite after cordierite and enclosing garNet.cordierite is present in the peak
assemblage of SK4A.

Orthopyroxene is only found in the metagreywack€4(s). No systematic zonation
in orthopyroxene composition is observed. Coreramcanalyses fall in aXg.range
between 0.38 and 0.42 (Table 2.6b; Figure 2.23)o Tmethods are commonly
applied when formulating the amount of Al in the Mite (Pattison et al., 2003):
Y(OpX)h = Gaioral(OpX) 2 andy(Opx)=Csitota(OPX) + Gu,total(OPX) - 2, Where ds
cations of component Accordingly, y(Opx) varies between 0.09 and 0.13 and
y(Opx) ranges from 0.04 and 0.08 (Table 2.6b; Figure 2.23)

Biotites in SK9-CLM are Fe-rich, witige ranging from 0.38 to 0.54 (Table 2.4c).
Ti values are tightly constrained between 0.33 @88 cations per formula unit.
The Xge for biotite in SK6C ranges between 0.24 and O0M2h more Fe-rich
compositions at the rim (Table 2.5¢). Ti constisubetween 0.25 to 0.35 cations per
formula unit. The most Fe-rich compositions ocaurgreen biotite mantling dark
brown-red peak biotite. In the metagreywacke, SK¥4A for biotite ranges between
0.33 and 0.40 and Ti values fall between 0.29 a®@ @ations per formula unit

based on 11 oxygens (Table 2.6c).



Coarse spinel (largely pseudomorphed by cordispiael-pyrite symplectite) is
enclosed in cordierite in both SK9-CLM (Table 2.4ahd SK6C (Table 2.5d).
Recalculated Pé (based on stoichiometric constraints) values@ae implying low
oxygen fugacities during the peak event, consistétit the absence of magnetite
and presence of only ilmenite in these rocks (Wkital., 2000). In SK6CXnrc
[=molar Fé*/(Fe€*+Zn+Mg)] values range between 0.39 and 0.48 (aeer@gl4);
Xsp [Fmolar Mg/(Fé"+Zn+Mg)] values range from 0.23 to 0.36 (averag@9pand
Xgah [=molar Zn/(Fé'+Zn+Mg)] ranges from 0.03 to 0.11 (average: 0.08)SK9-
CLM, spinel compositions are less varial¥g;. values range between 0.46 and 0.56
(average: 0.52)Xsp values range from 0.25 to 0.27 (average: 0.26)Xqagdranges
from 0.06 to 0.07 (average: 0.07).

Compositional differences for a particular phastveen samples may be attributed
in part to bulk rock compositional differences. Bubck Xyg for SK6C is 0.55
whilst SK9-CLM is more ferruginous with a bulk rocly of 0.52 (Table 2.2).
SK4A has the most Fe-rich bulk rock compositionfwét bulk rockXygy of 0.45
(Table 2.1). The magnesian garnet and biotite caftipas in SK6C and Fe-rich
compositions in SK4A accord with bulk roelug for these samples; however, SK9-
CLM phase compositions are markedly more Fe-riemtis predicted by the bulk
rock composition, indeed garnet and biotite contpmss are more Fe-rich than
SK4A. The most Fe-rich garnet compositions in SKMOccur where symplectite
is best developed, suggesting re-equilibration toremFe-rich compositions is
intimately linked with the event which induced syegtite formation, i.e., post-
shock heating related to impact at 2.02 Ga. Anoosjo Fe-rich phase
compositions for SK9-CLM may, thus, be attributedhtore extensive post-impact
re-equilibration at higher post-shock temperatwileser toward the centre of the
Dome to more Fe-rich post-impact equilibrium compaoss (Section 5.2.1; Chapter
6). In comparison, post-impact replacement of darise limited in SK6C,
manifesting as only minor perturbation in the Areha garnet zonation along
fractures in SK6C to more Fe-rich compositions. thopact symplectite
development in SK4A is not sufficient to perturle tArchaean garnet zonation at

the resolution analysed.

65



Figure 2.17: AFM projection of all measured mineratompositions and respective bulk rock
compositions from quartz, plagioclase and K feldsfd@ables 2.1-2.6). Mineral compositions in
SK9-CLM are more Fe-rich than the difference in kkilcomposition relative to SK6C would
appear to accommodate. This is attributed to a dezaxtent of re-equilibration under post-impact
compositions to more Fe-rich compositions in SK9-aL
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Figure 2.18: Garnet profiles for sample SK9-CLM fro rim to rim. (a) SK9-CLM Garnet 1. (b)
SK9-CLM Garnet 3. (c) SK9-CLM Garnet 4. (d) PPL imea showing the traverse for SK9-CLM
Garnet 3 from 0 to 4.2 mm. Lowesty compositions occur in the largest relict garnetafyments

from 3.5 to 4.2 mm. Garnet ‘islands’ from 0-3.5 mhave partially re-equilibrated to more Fe-rich
compositions during post-impact symplectite fornuati
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Figure 2.19: Garnet profiles for sample SK6C fronint to rim. (a) SK6C Garnet 1. (b) SK6C

Garnet 2. (c) SK6C Garnet 3. Perturbations to high€,,, contents occur immediately adjacent to
fractures (black arrows). (d) PPL image showing tlraverse for SK6C Garnet 3 from 0 to 5.1 mm.
Xam increases immediately adjacent to fractures in wiipost-impact symplectite is developed
(white arrows). The unfractured core of garnet ibaracterized by lowest 2, compositions.
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Figure 2.20: Garnet profiles for sample SK4A fromint to rim. (a) SK4A Garnet 1. (b) SK4A
Garnet 2. (c) SK4A Garnet 3. (d) PPL image showihg traverse for SK4A Garnet 3 from 0 to 2.9
mm. Xy, remains remarkably constant across the garnet iangparison with SK6C and SK9-
CLM.
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Figure 2.21: Cordierite profiles for sample SK9-CLKtom rim to rim. (a) SK9-CLM Cordierite 1.

(b) SK9-CLM Cordierite 2. (c) SK9-CLM Cordierite 3d) PPL image showing the traverse for
SK9-CLM Cordierite 1 from 0 to 3.3 mm. (e) PPL imaghowing the traverse for SK9-CLM
Cordierite 2 from 0 to 1.5 mm. The most Fe-rich cpositions occur adjacent to biotite inclusions
(toward 3.3 mm in SK9-CLM Cordierite 1) and orthomxene inclusions (at 0 mm SK9-CLM
Cordierite 2).
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Figure 2.22: Cordierite profiles for sample SK6Cdim rim to rim. (a) SK6C Cordierite 1. (b) SK6C
Cordierite 2. (c) SK6C Cordierite 3. (d) PPL imaghowing the traverse for SK6C Cordierite 2
from O to 1.5 mm. The most Fe-rich compositions oc@djacent to biotite inclusions. (e) PPL

image showing the traverse for SK6C Cordierite ®rfr 0 to 0.8 mm. Rim compositions are more
Fe-rich.
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Figure 2.23: SK4A orthopyroxene compositions fronmrto rim. (a) SK4A Opx 1. (b) SK4A Opx 3.
(c) SK4A Opx 4. (d) SK4A Opx 6. (e) PPL image shaoyvthe traverse for SK4A Opx 3 from 0 to
3.5 mm. (f) PPL image showing the traverse for SKOpx 6 from 0 to 5.0 mm. No systematic
zonation in orthopyroxene composition is observed.
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Table 2.4a: Representative mineral analyses SK9-CLM

Garnet

Spot #366 #282 #283 #414 #387 #366 #281 #319 #421 322 #  #369 #370
Mineral Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt

(core) (int) (int) (int) (int) (int) (rim) (rim) (rim) (rim) (rim) (rim)
Sio, 37.40 37.00 37.42 37.65 37.12 37.40 36.86 37.39 .0738 37.81 37.06 37.37
TiO, 0.03 0.03 0.04 0.03 0.00 0.03 0.01 0.01 0.04 0.05 0.05 0.00
Al;0; 21.82 21.80 21.82 21.83 21.63 21.82 21.63 22.07 .8821 22.39 21.85 21.96
Cr,05 0.12 0.12 0.11 0.10 0.14 0.12 0.12 0.11 0.09 0.13 0.09 0.10
FeOs 1.39 2.11 1.17 0.71 1.57 1.39 2.02 0.60 1.45 1.41 1.90 1.42
FeO 31.92 31.04 32.02 33.04 32.70 31.92 31.55 32.2530.32 29.44 31.71 31.96
MnO 1.33 113 1.15 118 1.49 1.33 112 1.22 0.80 640. 152 1.49
MgO 5.59 5.78 5.70 531 4.85 5.59 5.53 5.43 743 T777. 5.32 5.45
CaO 1.11 1.32 1.05 1.05 1.16 1.11 1.17 1.18 0.82 96 0. 1.16 1.10
N&O 0.02 0.02 0.02 0.00 0.01 0.02 0.01 0.01 0.03 0.02 0.03 0.02
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.59 100.14 100.38 100.83 100.51 100.59 829. 100.21 100.78 100.48 100.50 100.73
Oxygens 12.00 12.00 12.00 12.00 12.00 12.00 12.00 2.001  12.00 12.00 12.00 12.00
Si 2.94 2.92 2.95 2.96 2.94 2.94 2.92 2.95 2.95 329 292 2.94
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Al 2.02 2.03 2.03 2.03 2.02 2.02 2.02 2.05 2.00 52.0 203 2.04
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 100 0.01 0.01
Fe* 0.08 0.13 0.07 0.04 0.09 0.08 0.12 0.04 0.09 0.08 0.11 0.08
Fe' 2.10 2.05 211 217 217 2.10 2.09 213 197 191 2.09 2.10
Mn 0.09 0.08 0.08 0.08 0.10 0.09 0.08 0.08 0.05 400 0.10 0.10
Mg 0.66 0.68 0.67 0.62 0.57 0.66 0.65 0.64 0.86 00.9 0.63 0.64
Ca 0.09 0.11 0.09 0.09 0.10 0.09 0.10 0.10 0.07 8 0.0 0.10 0.09
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 00.0 0.01 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Xre 0.76 0.75 0.76 0.78 0.79 0.76 0.76 0.77 0.70 0.68 0.77 0.77
Xaim 0.71 0.70 0.72 0.73 0.74 0.71 0.72 0.72 0.67 0.65 0.72 0.72
Xors 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03
Xerp 0.22 0.23 0.23 0.21 0.19 0.22 0.22 0.22 0.29 0.31 0.21 0.22
Xsps 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.01 0.03 0.03
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Table 2.4b: Representative mineral analyses SK9-CLM

Cordierite
Spot #197 #134 #145 #207 #147 #148 #151 #188 #213 164 #  #172 #183
Mineral Crd Crd Crd Crd Crd Crd Crd Crd Crd Crd Crd Crd
(core) (core) (core) (int) (int) (int) (int) (rim) (rim) (rim) (rim) (rim)

Sio, 48.38 48.43 48.63 48.14 48.70 48.42 48.54 48.48 .3848 47.63 47.90 48.08
TiO, 0.00 0.01 0.02 0.03 0.00 0.02 0.00 0.00 0.02 0.03 0.03 0.03
Al,0s 33.82 33.92 33.99 33.30 33.78 33.63 33.85 33.65 .2233 33.64 33.16 33.44
Cr,0s 0.02 0.01 0.01 0.00 0.00 0.01 0.00 0.04 0.00 0.00 0.00 0.00
FeOs 1.24 1.34 1.35 1.34 1.33 1.34 1.31 1.33 1.40 1.81 1.77 1.67
FeO 4.46 4.83 4.87 4.82 4.79 481 472 478 506 516. 6.38 6.02
MnO 0.06 0.07 0.05 0.06 0.11 0.08 0.07 0.08 0.06 130. 0.11 0.13
MgO 10.38 9.85 10.13 9.91 10.01 10.08 10.01 10.05 .879 8.69 8.92 9.06
CaO 0.00 0.00 0.03 0.02 0.03 0.00 0.00 0.02 0.02 010. 0.01 0.01
Na,0 0.07 0.05 0.07 0.15 0.03 0.07 0.08 0.09 0.09 0.05 0.10 0.07
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total 98.42 98.51 99.16 97.76 98.78 98.45 98.59 5198. 98.12 98.50 98.38 98.52
Oxygens 18.00 18.00 18.00 18.00 18.00 18.00 18.00 8.001 18.00 18.00 18.00 18.00
Si 491 4.92 491 4.93 4.93 4.92 4.92 4.93 4.94 94.8 492 4.92
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Al 4.05 4.06 4.05 4.02 4.03 4.03 4.05 4.03 4.00 740 401 4.03
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Fe'* 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.11 0.14 0.14 0.13
Fe* 0.38 0.41 0.41 0.41 0.41 0.41 0.40 0.41 0.43 0.56 0.55 0.52
Mn 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 100 0.01 0.01
Mg 1.57 1.49 1.53 151 151 1.53 151 1.52 1.50 313 137 1.38
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.0 0.00 0.00
Na 0.01 0.01 0.01 0.03 0.01 0.01 0.02 0.02 0.02 10.0 0.02 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 11.02 11.00 11.02 11.02 11.00 11.02 11.01 O21. 11.01 11.01 11.01 11.01
Xre 0.19 0.22 0.21 0.21 0.21 0.21 0.21 0.21 0.22 0.30 0.29 0.27

74



Table 2.4c: Representative mineral analyses SK9-CLM

Biotite
Spot #129 #130 #131 #122 #118 #141 #117 #119 #137 116 #  #111 #112
Mineral Bt Bt Bt Bt Bt Bt (int) Bt(int) Bt(int) Bt(rim) Bt(rim) Bt(rm) Bt (rim)
(core) (core) (core) (core) (core)
Sio, 36.05 35.32 36.84 35.09 35.58 35.39 35.83 35.74 4535 35.27 34.59 34.64
TiO, 6.02 6.16 6.09 6.02 6.33 6.34 5.99 6.25 6.69 6.35 6.17 6.13
Al;0; 14.75 14.35 15.20 14.60 15.59 14.71 15.10 1527 7414 1471 15.18 15.35
Cr,0s 0.68 0.70 0.66 0.77 0.79 0.74 0.82 0.77 0.87 0.78 0.62 0.57
Fe0; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 14.28 14.64 14.50 15.59 17.00 16.99 16.67 16.9818.69 16.80 19.99 19.67
MnO 0.06 0.09 0.07 0.06 0.00 0.02 0.05 0.08 0.07 080. 0.04 0.05
MgO 12.99 12.59 13.15 11.48 11.68 11.35 11.59 11.8610.09 11.29 9.58 9.81
Cao 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 000. 0.00 0.00
N&0O 0.16 0.14 0.16 0.12 0.22 0.20 0.21 0.21 0.18 0.23 0.21 0.17
K20 9.46 9.66 9.40 9.02 9.37 9.32 9.16 9.37 9.34 9.36 9.30 9.33
Total 94.46 93.66 96.10 92.76 96.59 95.07 9543 54€6. 96.13 94.88 95.69 95.73
Oxygens 11.00 11.00 11.00 11.00 11.00 11.00 11.00 1.001 11.00 11.00 11.00 11.00
Si 2.72 2.71 2.73 2.72 2.66 2.69 2.71 2.68 2.69 926 2.66 2.65
Ti 0.34 0.36 0.34 0.35 0.36 0.36 0.34 0.35 0.38 60.3 0.36 0.35
Al 1.31 1.30 1.33 1.33 1.38 1.32 1.34 1.35 1.32 213 1.38 1.39
Cr 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 500 0.04 0.04
Fe* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.90 0.94 0.90 1.01 1.06 1.08 1.05 1.06 1.19 1.07 1.28 1.26
Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 10.0 0.00 0.00
Mg 1.46 1.44 1.45 1.33 1.30 1.29 1.31 1.32 1.14 812 1.10 1.12
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.0 0.00 0.00
Na 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 300 0.03 0.03
K 0.91 0.95 0.89 0.89 0.89 0.91 0.88 0.90 0.90 0.91 0.91 0.91
Total 7.73 7.75 7.70 7.70 7.74 7.73 7.71 7.74 771 7.73 7.75 7.75
Xre 0.38 0.40 0.38 0.43 0.45 0.46 0.45 0.45 0.51 0.46 0.54 0.53
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Table 2.4d: Representative mineral analyses SK9-CLM

Spinel
Spot spinel 1 spinel 2 spinel 3 spinel 4
Mineral Spl (core) Spl (core) Spl (core) Spl (core)
SiO, 0.25 0.00 0.05 0.00
TiO, 0.03 0.06 0.11 0.13
V205 0.00 0.00 0.00 0.00
Al,O3 52.96 53.26 52.94 53.18
CrOs 5.09 5.05 5.47 4.57
Fe203 2.76 3.35 3.42 4.42
FeO 27.99 27.79 28.01 27.63
MnO 0.15 0.13 0.14 0.20
MgO 571 6.08 6.00 6.43
ZnO 3.07 3.16 3.16 2.92
CaO 0.00 0.00 0.00 0.00
Na,O 0.00 0.00 0.00 0.00
K20 0.00 0.00 0.00 0.00
Total 98.02 98.88 99.30 99.48
Oxygens 4.00 4.00 4.00 4.00
Si 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00
\% 0.00 0.00 0.00 0.00
Al 1.82 1.81 1.80 1.80
Cr 0.12 0.12 0.12 0.10
Fe* 0.06 0.07 0.07 0.10
Fe* 0.68 0.67 0.67 0.66
Mn 0.00 0.00 0.00 0.00
Mg 0.25 0.26 0.26 0.27
Zn 0.07 0.07 0.07 0.06
Ca 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00
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Table 2.5a: Representative mineral analyses SK6C

Garnet

Spot #138 #150 #192 #228 #136 #182 #209 #230 #243 167 #  #175 #221
Mineral Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt

(core) (core) (core) (core) (int) (int) (int) (int) (int) (rim) (rim) (rim)
Sio, 39.32 38.90 39.00 38.97 38.92 39.15 39.25 38.86 .7038 38.10 38.78 38.25
TiO, 0.03 0.04 0.02 0.00 0.00 0.03 0.02 0.00 0.00 0.01 0.02 0.02
Al ;05 23.11 22.84 22.88 22.73 22.84 22.67 22.86 2270 622 22.17 22.68 22.45
Cr.05 0.13 0.16 0.16 0.20 0.15 0.15 0.15 0.18 0.17 0.32 0.20 0.18
FeOs 0.74 1.43 0.49 1.15 1.09 0.20 0.42 1.07 1.06 091 1.11 1.20
FeO 23.78 24.34 24.70 25.00 24.29 26.17 25.29 25.4126.25 27.80 26.24 27.64
MnO 0.69 0.78 0.68 0.72 0.71 0.80 0.81 0.81 090 121. 0.77 1.01
MgO 11.96 11.29 11.21 11.05 11.37 10.49 11.02 10.6010.05 8.48 10.16 8.91
CaO 0.94 0.91 0.93 0.88 0.95 0.87 0.90 0.98 094 111. 0.95 0.91
Na,0 0.01 0.03 0.02 0.01 0.01 0.01 0.01 0.02 0.00 0.02 0.01 0.01
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.64 100.57 100.04 100.60 100.22 100.52 .6BO0 100.52 100.58 99.95 100.81 100.46

Oxygens 12.00 12.00 12.00 12.00 12.00 12.00 12.00 2.001 12.00 12.00 12.00 12.00

Si 2.95 2.94 2.96 2.95 2.95 2.97 2.97 2.95 2.95 529 2095 2.94
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Al 2.05 2.03 2.05 2.03 2.04 2.03 2.04 2.03 2.03 320 203 2.04
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 20.0 0.01 0.01
Fe* 0.04 0.08 0.03 0.07 0.06 0.01 0.02 0.06 0.06 0.05 0.06 0.07
Fe 1.49 1.54 1.57 1.58 1.54 1.66 1.60 1.61 1.67 1.80 1.67 1.78
Mn 0.04 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.06 70.0 0.05 0.07
Mg 1.34 1.27 1.27 1.25 1.28 1.19 1.24 1.20 1.14 809 115 1.02
Ca 0.08 0.07 0.08 0.07 0.08 0.07 0.07 0.08 0.08 9 0.0 0.08 0.08
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Xre 0.53 0.55 0.55 0.56 0.55 0.58 0.56 0.57 0.59 0.65 0.59 0.64
Xaim 0.51 0.52 0.53 0.54 0.52 0.56 0.54 0.55 0.57 0.61 0.57 0.60
Xars 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03
Xerp 0.45 0.43 0.43 0.42 0.44 0.40 0.42 0.41 0.39 0.33 0.39 0.35
Xsps 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02
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Table 2.5b: Representative mineral analyses SK6C

Cordierite
Spot #222 #185 #165 #122 #173 4#208 #225 #190 #180#210 #141 #151
Crd

Mineral Crd Crd Crd Crd (.?rd (.er (?rd (.?rd (.er (?rd (.er (rim)

(core) (core) (core) (core) (int) (int) (rim) (rim) (rim) (rim) (rim) adj grt
SiG, 48.73 48.51 48.75 48.76 48.75 48.70 48.68 48.84 .4848 48.82 49.15 49.10
TiO, 0.00 0.01 0.00 0.02 0.02 0.02 0.00 0.01 0.00 0.00 0.03 0.00
Al ;05 33.82 33.86 34.13 34.05 34.24 34.05 33.75 33.83 .2334 34.00 34.23 34.35
Cr,0s 0.02 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.03 0.01 0.03
Fe0; 0.85 1.03 0.86 0.92 1.05 1.01 1.00 1.04 1.09 1.09 0.79 0.71
FeO 3.05 3.70 3.09 3.30 3.77 3.65 3.58 3.75 394 933. 286 2.56
MnO 0.04 0.06 0.09 0.05 0.06 0.04 0.04 0.06 0.10 060. 0.07 0.04
MgO 11.66 10.89 11.42 11.31 10.85 11.10 11.05 11.0210.83 10.97 11.54 1191
CaO 0.01 0.01 0.00 0.00 0.02 0.03 0.00 0.01 0.00 030. 0.00 0.02
Na,O 0.09 0.11 0.11 0.10 0.08 0.07 0.10 0.09 0.07 0.13 0.04 0.07
K20 0.00 0.02 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00
Total 98.26 98.19 98.47 98.51 98.83 98.67 98.23 6@8. 98.75 99.06 98.72 98.79
Oxygens 18.00 18.00 18.00 18.00 18.00 18.00 18.00 8.001 18.00 18.00 18.00 18.00
Si 4.92 4.92 491 4.92 491 491 4.93 4.93 4.89 149 493 492
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Al 4.03 4.05 4.05 4.05 4.07 4.05 4.03 4.02 4.07 340 4.05 4.05
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Fe* 0.06 0.08 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.05
Fe* 0.26 0.31 0.26 0.28 0.32 0.31 0.30 0.32 0.33 0.33 0.24 0.21
Mn 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 100 0.01 0.00
Mg 1.75 1.65 1.72 1.70 1.63 1.67 1.67 1.66 1.63 516 1.73 1.78
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.0 0.00 0.00
Na 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 300 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 11.04 11.03 11.04 11.04 11.02 11.08 11.03 031. 11.04 11.04 11.02 11.04
Xee 0.13 0.16 0.13 0.14 0.16 0.16 0.15 0.16 0.17 0.17 0.12 0.11
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Table 2.5c: Representative mineral analyses SK6C

Biotite
Spot #108 #111 #118 #102 #110 #113 #98 #100 #109 14 #1 #115 #106
Mineral Bt Bt Bt Bt (int) Bt(int) Bt(int) Bt(rim) Bt(rim) Bt(rin) Bt(rim) Bt (rim) Bt (rim)
(core) (core) (core)
SiO, 36.65 36.80 37.31 36.89 37.30 36.53 36.61 36.28 .2236 36.40 36.69 37.83
TiO, 5.49 6.11 5.07 5.71 6.30 6.04 5.68 5.39 5.25 5.66 5.43 5.11
Al,O; 15.35 14.96 15.13 15.09 15.43 14.84 15.14 1558 .0617 15.27 15.27 14.53
CrOs 0.81 0.84 0.88 0.86 0.86 0.78 0.86 0.79 0.80 0.83 0.91 0.45
FeOs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 9.98 9.37 10.81 11.11 9.19 9.63 11.78 11.40 0611. 12.26 11.96 13.15
MnO 0.05 0.00 0.03 0.01 0.00 0.03 0.05 0.02 0.06 030. 0.04 0.02
MgO 16.56 16.66 16.20 15.92 16.07 15.79 15.39 14.5814.74 15.09 15.38 15.50
Cao 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.03 030. 0.00 0.00
Na,O 0.20 0.13 0.12 0.15 0.10 0.10 0.17 0.19 0.08 0.13 0.17 0.16
K0 9.80 9.82 9.82 9.64 9.52 9.69 9.75 9.38 8.50 9.64 9.69 9.52
Total 94.90 94.71 95.38 95.40 94.78 93.45 95.44 6X3. 93.81 95.35 95.55 96.28
Oxygens 11.00 11.00 11.00 11.00 11.00 11.00 11.00 1.001 11.00 11.00 11.00 11.00
Si 2.70 2.71 2.74 2.72 2.73 2.73 2.71 2.72 2.69 027 271 2.78
Ti 0.30 0.34 0.28 0.32 0.35 0.34 0.32 0.30 0.29 20.3 0.30 0.28
Al 1.33 1.30 1.31 1.31 1.33 1.31 1.32 1.38 1.49 413 1.33 1.26
Cr 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 50.0 0.05 0.03
Fe* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.62 0.58 0.67 0.68 0.56 0.60 0.73 0.72 0.69 0.76 0.74 0.81
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Mg 1.82 1.83 178 1.75 1.75 1.76 1.70 1.63 1.63 716 1.69 1.70
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Na 0.03 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.01 20.0 0.02 0.02
K 0.92 0.92 0.92 0.91 0.89 0.92 0.92 0.90 0.81 0.91 0.91 0.89
Total 7.78 7.75 7.77 7.75 7.68 7.72 7.77 7.73 7.66 7.76 777 7.76
Xre 0.25 0.24 0.27 0.28 0.24 0.26 0.30 0.30 0.30 0.31 0.30 0.32
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Table 2.5d: Representative mineral analyses SK6C

Spinel

Spot spinel 1 spinel 2 spinel 3 spinel 4 spinel 5 spinel 6 spinel 7

Mineral ~ Spl (core) Spl (core) Spl(core) Spl (corepbpl (core) Spl(core) Spl (core)

Sio, 0.03 0.08 0.03 0.06 0.02 0.05 0.07
TiO, 0.02 0.02 0.02 0.01 0.06 0.09 0.03
V205 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al,03 54.75 55.08 54.07 48.91 47.16 47.26 46.16
Cr,03 3.86 3.89 4.79 8.47 8.99 9.00 12.42
Fe0s 3.23 3.15 3.24 3.84 5.80 5.85 3.81
FeO 22.27 22.34 22.49 26.43 29.18 28.90 26.38
MnO 0.12 0.11 0.12 0.18 0.14 0.16 0.18
MgO 8.47 8.51 8.23 5.27 5.38 5.63 6.09
ZnO 5.00 5.09 5.20 4.78 1.47 1.43 3.12
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N&,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 97.75 98.28 98.18 97.94 98.20 98.38 98.26
Oxygens 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.84 1.84 1.82 171 1.66 1.65 1.62
Cr 0.09 0.09 0.11 0.20 0.21 0.21 0.29
Fe'* 0.07 0.07 0.07 0.09 0.13 0.13 0.09
Fe 0.53 0.53 0.54 0.66 0.73 0.72 0.66
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.36 0.36 0.35 0.23 0.24 0.25 0.27
Zn 0.11 0.11 0.11 0.10 0.03 0.03 0.07
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00




Table 2.6a: Representative mineral analyses SK4A

Garnet

Spot #31 #19 #40 #100 #18 #48 #106 #4 #28 #57 #94 112 #
Mineral Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt

(core) (core) (core) (core) (int) (int) (int) (rim) (rim) (rim) (rim) (rim)
Sio, 38.11 38.35 38.18 38.38 39.91 38.46 38.40 37.65 .1038 38.08 38.20 38.17
TiO, 0.00 0.02 0.04 0.00 0.02 0.10 0.00 0.03 0.06 0.02 0.02 0.02
Al ;05 22.28 22.28 22.24 22.25 22.26 22.01 22.35 2193 3322 2221 22.25 22.26
Cr,0s 0.25 0.11 0.10 0.15 0.11 0.14 0.11 0.18 0.14 0.20 0.16 0.12
Fe0O; 1.32 142 1.26 111 1.01 0.28 1.15 1.78 1.33 1.03 1.35 0.76
FeO 28.19 29.41 28.84 28.92 26.86 29.50 28.78 29.5129.38 29.67 28.87 30.16
MnO 0.74 0.78 0.73 0.80 0.69 0.74 0.73 0.79 0.77 820. 0.80 0.80
MgO 8.52 8.06 8.18 8.25 7.03 8.06 8.36 7.50 792 527. 815 7.46
CaO 1.02 0.99 1.16 1.10 141 1.07 1.10 1.03 104 111. 1.09 1.09
Na,O 0.03 0.01 0.01 0.01 1.26 0.02 0.02 0.01 0.00 0.05 0.02 0.00
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.33 101.28 100.61 100.86 100.46 100.35 .8B00 100.24 100.94 100.60 100.78  100.76
Oxygens 12.00 12.00 12.00 12.00 12.00 12.00 12.00 2.001 12.00 12.00 12.00 12.00
Si 2,94 2.95 2.95 2.95 3.06 2.98 2.95 2.93 294 529 295 2.96
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 00.0 0.00 0.00
Al 2.03 2.02 2.02 2.02 2.01 2.01 2.03 2.02 2.03 320 2.02 2.03
Cr 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 100 0.01 0.01
Fe'' 0.08 0.08 0.07 0.06 0.06 0.02 0.07 0.11 0.08 0.06 0.08 0.04
Fe* 1.82 1.89 1.86 1.86 1.72 1.91 1.85 1.92 1.90 1.92 1.86 1.95
Mn 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 50.0 0.05 0.05
Mg 0.98 0.92 0.94 0.95 0.80 0.93 0.96 0.87 0.91 708 0.94 0.86
Ca 0.08 0.08 0.10 0.09 0.12 0.09 0.09 0.09 0.09 90.0 0.09 0.09
Na 0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.00 0.00 10.0 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Xre 0.65 0.67 0.66 0.66 0.68 0.67 0.66 0.69 0.68 0.69 0.67 0.69
Xaim 0.62 0.64 0.63 0.63 0.64 0.64 0.63 0.66 0.64 0.65 0.63 0.66
Xars 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Xermp 0.33 0.31 0.32 0.32 0.30 0.31 0.33 0.30 0.31 0.30 0.32 0.29
Xsps 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
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Table 2.6b: Representative mineral analyses SK4A

Orthopyroxene
Spot #5 #35 #1717 #104 #67 #112 #1 #8 #14 #56 #59 #87
Mineral Opx Opx Opx Opx Opx Opx Opx Opx Opx Opx Opx Opx
(core)  (core) (core)  (core) (int) (int) (rim) (rim) (rim) (rim) (rim) (rim)
SiO, 48.93 48.89 48.82 49.26 49.39 48.78 49.41 49.51 .98 48.91 49.87 49.16
TiO, 0.10 0.30 0.11 0.78 0.03 0.21 0.09 0.05 0.15 0.14 0.08 0.14
Al,O3 4.56 5.08 5.65 3.97 4.64 5.14 4.17 3.92 5.16 5.03 4.66 4.80
Cr,05 0.23 0.30 0.32 0.15 0.26 0.21 0.30 0.30 0.31 0.29 0.28 0.28
FeOs 2.39 3.32 2.59 1.16 2.69 2.57 2.33 3.22 3.09 2.87 1.77 1.86
FeO 24.28 22.64 22.79 24.31 23.16 23.50 24.23 23.022.61 22.39 22.92 23.64
MnO 0.22 0.21 0.19 0.19 0.22 0.21 0.22 0.19 0.15 200. 0.21 0.20
MgO 19.09 20.08 19.73 19.61 19.91 19.45 19.45 20.120.11 20.07 20.50 19.58
CaO 0.06 0.04 0.08 0.05 0.05 0.04 0.04 0.04 0.03 100. 0.03 0.04
Na.O 0.00 0.01 0.03 0.02 0.02 0.02 0.00 0.00 0.01 0.02 0.00 0.02
K20 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Total 99.62 100.53  100.08 99.38 100.12 99.87 100.0000.12 100.31  99.74  100.14 99.54
Oxygens 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 06.0 6.00 6.00 6.00
Si 1.86 1.83 1.83 1.87 1.86 1.84 1.87 1.86 1.83 418 1.87 1.86
Ti 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 00.0 0.00 0.00
Al 0.20 0.22 0.25 0.18 0.21 0.23 0.19 0.17 0.23 20.2 0.21 0.21
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 10.0 0.01 0.01
Fe* 0.07 0.09 0.07 0.03 0.08 0.07 0.07 0.09 0.09 0.08 0.05 0.05
Fe* 0.77 0.71 0.72 0.77 0.73 0.74 0.77 0.72 0.71 0.710.72 0.75
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 100 0.01 0.01
Mg 1.08 1.12 1.10 111 1.12 1.09 1.10 1.13 112 311 1.14 1.10
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Xre 0.42 0.39 0.39 0.41 0.40 0.40 0.41 0.39 0.39 0.39 0.39 0.40
{E«cl)f):/%l) 0.10 0.11 0.13 0.09 0.10 0.11 0.09 0.09 0.11 0.11 100 0.11
Of
y(0px), 0.06 0.05 0.08 0.05 0.06 0.07 0.05 0.04 0.06 0.06 .070 0.07
(SkotAlto-2)

82



Table 2.6c: Representative mineral analyses SK4A

Biotite
Spot #89 #90 #1 #2 #4 #58 #92 #93 #5 #91 #94 #56
. Bt Bt ) ] ] ) . ) Bt Bt Bt Bt

Mineral (core) (core) Bt (int) Bt(int) Bt(int) Bt(int) Bt(int) Bt (i) (rim) (rim) (rim) (rim)
SiO, 36.99 37.13 36.31 36.49 36.91 36.24 36.76 36.77 .0137 37.13 36.99 35.56
TiO; 5.43 5.44 5.22 5.37 5.37 5.19 5.67 5.50 5.45 5.38 5.54 5.28
Al,03 14.68 14.77 14.37 14.28 14.68 14.72 14.58 14.43 7714 14.44 14.46 13.95
Cr,05 0.44 0.43 0.44 0.46 0.47 0.41 0.50 0.46 0.35 0.48 0.43 0.35
FeOs; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 13.55 13.96 13.38 13.57 13.10 14.82 14.10 14.145.04 14.37 13.97 15.11
MnO 0.00 0.01 0.02 0.00 0.05 0.05 0.02 0.04 0.04 000. 0.01 0.02
MgO 15.12 15.02 14.56 14.42 14.88 13.94 14.42 14.4614.03 14.30 14.47 12.61
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 010. 0.00 0.01
Na,O 0.15 0.14 0.20 0.15 0.24 0.14 0.20 0.18 0.18 0.19 0.18 0.17
K;0 9.63 9.76 9.50 9.66 9.53 9.49 9.65 9.64 9.59 9.32 9.68 9.49
Total 96.00 96.67 94.01 94.41 95.24 95.01 9591 635. 96.49 95.63 95.74 92.56
Oxygens 11.00 11.00 11.00 11.00 11.00 11.00 11.001.001  11.00 11.00 11.00 11.00
Si 2.74 2.73 2.74 2.75 2.75 2.73 2.73 2.74 274 627 275 2.76
Ti 0.30 0.30 0.30 0.30 0.30 0.29 0.32 0.31 0.30 003 0.31 0.31
Al 1.28 1.28 1.28 1.27 1.29 131 1.28 1.27 1.29 712 1.27 1.28
Cr 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.02 300 0.03 0.02
Fe* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.84 0.86 0.85 0.86 0.82 0.93 0.88 0.88 0.93 0.89 0.87 0.98
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Mg 1.67 1.65 1.64 1.62 1.65 1.56 1.60 1.61 155 915 160 1.46
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.0 0.00 0.00
Na 0.02 0.02 0.03 0.02 0.04 0.02 0.03 0.03 0.03 30.0 0.03 0.03

K 0.91 0.92 0.92 0.93 0.90 0.91 0.92 0.92 0.91 0.88 0.92 0.94
Total 7.78 7.78 7.78 7.77 7.77 7.78 7.77 7.78 7.77 7.75 7.77 7.77
Xee 0.33 0.34 0.34 0.35 0.33 0.37 0.35 0.35 0.38 0.36 0.35 0.40
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2.6  Thermobarometry andP-T path constraints

Thermobarometry is predicated on the assumptiontiigamodes and compositions
of the minerals in an assemblage represent a pessequilibrium attained at some
point on theP-T path. Two thermobarometric approaches have evdlvebe last
twenty years with the inception of rigorous equiklib modelling afforded by
software such as THERMOCALC, namely, conventiohaltobarometry (e.g., the
avPT method in THERMOCALC) and pseudosection théanometry (Powell and
Holland, 1998; White and Powell 2002; Boger et aD03; White et al., 2003;
Johnson et al., 2003; Kelsey et al., 2003a; Kettet., 2003b; Johnson et al., 2004;
Zeh et al., 2004; Baldwin et al., 2005; White ef 2005; Hollis et al., 2006; Diener
et al., 2007; Halpin et al., 2007). Developmentsboth these thermobarometric
methods have been coupled with major improvementthe thermodynamic data
sets of mineral end-members (Holland and Powel®61Berman, 1988; Holland
and Powell, 1998; upgrade November 2003) ard relationships for minerals,
silicate liquid and fluid (e.g., Holland and Powedlb92; Powell and Holland, 1993;
Holland and Powell, 1996; Powell and Holland, 19D8le et al., 2000; White et al.,
2000; Holland and Powell, 2001; White et al., 206iblland and Powell, 2003;
Dale et al., 2005; Diener et al., 2007). Intringidooth thermobarometric techniques
is the concept of equilibration volume, i.e., tr@wme within which the minerals
selected for thermobarometry are considered to hbegen in equilibrium.
Constraining the equilibration volume requires asideration of different length-
scales of diffusion for components, the sequestmaif components within the cores
of growth-zoned porphyroblasts and the extent telvhetrograde replacement and
chemical zoning unrelated to the peak assemblageteurred (e.g., White et al.,
2008).

Conventional thermobarometric techniques are bamedindependent balanced
reactions between mineral end-members of phaserengy the equilibration
volume. For each end-member reaction, an equihbmelationship of the form 0 =
G° + RTInK applies, which goverm®, T and phase composition (e.g., Spear and
Cheney, 1989; Powell and Holland, 1990; Connoll®9Q; Holland and Powell,
1998). For an assumed equilibrium assemblage, giveoertainties in the
compositions and thermodynamic descriptions of thleases, an optimal



thermobarometric estimate of equilibration condaitias given by thd®> and T at
which theP-T lines for the equilibria intersect (Powell & Hatld, 1988; Powell &
Holland, 1994; Powell et al., 2002; Powell and lHotd, 2008). No information
regarding the modes of the equilibrium assemblagevailable through this method
and compositional resetting along the retrogradiéhn g@mmonly obscures peak
conditions (Harley, 1989; Fitzsimons and Harley94;9Pattison and Begin, 1994;
Pattison et al., 2003; Harley, 2008). Moreovercsinonventional thermobarometry
relies entirely on mineral compositions T estimation, results are very sensitive
to uncertainties in the probe data and thermodynatescriptions of the phases
considered (Powell and Holland, 2008).

In the last ten years, there has been a graduftltehiard the use of calculated
pseudosections for thermobarometry (e.g., Powall lolland, 1998; White et al.,
2002; Boger et al., 2003; White et al., 2003; Johnet al., 2003; Kelsey et al.,
2003a; Kelsey et al., 2003b; Johnson et al., 2de#; et al., 2004; Baldwin et al.,
2005; White et al., 2005; Hollis et al., 2006; Deemt al., 2007; Halpin et al., 2007).
Pseudosection thermobarometry is a forward modgeHipproach. A pseudosection
quantitatively maps out the stability range of maleassemblages iR-T-X space.
For a given composition of the equilibration volyntiee position inP—T space of
the field that corresponds to the equilibrium mate@ssemblage, and the proportions
and compositions of the minerals in that field, bermodelled (Powell and Holland,
1998; Connolly, 1990; Spear and Cheney, 1989). eSipgeudosections do not
depend on establishing original mineral composgi¢as required for conventional
thermobarometers), compositional resetting along tétrograde path does not
obscure peak conditions. Unlike conventional petragic grids, the pseudosections
are not restricted to only univariant and invariagjuilibria, but also constrain
multivariant phase equilibria for a unique bulk koor effective domainal
composition. Pseudosections allow the texturalw@ianh of a rock to be assessed by
comparing changing mineral modes and compositionedigted in the
pseudosection with reaction textures preserveddndck, thereby allowing sections
of theP-T path to be deduced (Powell and Holland, 2008).

The difficulty in applying pseudosections to reatks lies in the selection of the
appropriate bulk composition of the equilibrationlume. When growth-zoned
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minerals such as garnet are present in the rockyrtain proportion of the whole-
rock composition is sequestered in the core of dhenet and unavailable for
participation in the reactions at higher grades.this case, the whole-rock
composition is different from the composition oktkquilibration volume and the
components sequestered in garnet cores need toxddaded from the bulk

composition for a realistic pseudosection to bestwicted (e.g., Marmo et al.,
2002). Similarly, during cooling along the retrodeapath, the equilibration volume
will shrink as diffusion length-scales become séwoidt lower temperatures. The
equilibration volume composition evolves continugukroughout the metamorphic
history of a rock, such that separate pseudosectdrunique bulk compositions

characterize different portions of tReT path.

Mismatch between the modelled assemblages in alpsection and the observed
assemblage may indicate a slightly inappropriatk bomposition has been used for
construction of the pseudosection (Powell and Hal]&2008). AT-X pseudosection
covering the range of plausible bulk compositiores/rhe used to constrain the real
equilibration volume composition more accuratelyofher cause of inconsistency
between modelled and observed equilibria relates intaccuracies in the
thermodynamic models for the phases considered €Paand Holland, 2008).
Thermodynamic models are constantly being refined.( Diener et al., 2007;
Green et al., 2007), however inadequacies in cumaaels may cause the failure of
models to reproduce the real rock assemblage.|¥intla¢ failure of a pseudosection
to accommodate real observations in the rock mapdmuse the model system
(e.g., NCKFMASH) does not account for all the comgats influencing the
equilibria (Powell and Holland, 2008). Currently,eware able to model in
MnNNCKFMASHTO (MnO-NaO-CaO-K0-FeO-MgO-AbO;3-SiO,-H,0-TiO,-
Fe0s3) as the most complex system, although almostiogrténe addition of Zn to
the model system will allow more accurate predictiof spinel and staurolite
stability in the future. Given these caveats, pseadtion modelling remains the
most effective thermobarometric method in consingimot only theP-T conditions
prevailing during equilibration, but also in yielMdi petrogenetic information
embedded in the textural relationships betweengshiasa rock related to changes in
the composition of the equilibration volume, pressand temperature during the
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metamorphic history (e.g., Kelsey et al., 2003; #kind Powell, 2002; Stipska et
al., 2006).

Previous thermobarometric estimates for peak metaimsm in the Steynskraal-
Jagers Vrede rocks employed the use of directlybreaed thermobarometers
(Schreyer and Abraham, 1978; Schreyer, 1983; Pkrehal., 2002) and average

T conventional thermobarometry in THERMOCALC (Steveat al.,, 1997b).
Schreyer and Abraham (1978) used experimental fiata Hensen and Green
(1971, 1972, 1973) to constrain conditions of syeaple formation, which they
inferred to have occurred late in the granulitengvat 5 kbar and 700 °C. Perchuk
et al. (2002) obtained a pe&T estimate for the Massemblage of 700 °C and 5
kbar. Higher temperature estimates of at least ‘€@nd potentially in excess of
920 °C were obtained by Stevens et al. (1997b)darehe upper stability limit of
biotite, quartz and dry granite melt (Stevens et #997a). Core compositions of
garnet, biotite and cordierite gave peak tempeeatand pressures between 800 °C,
4.8 £ 0.13 kbar and 900 °C, 5.1 + 0.16 kbar (Stewetral., 1997b). The sensitivity
of the conventional thermobarometry approach tot-peak compositional re-
equilibration has almost certainly resulted in aderestimation of peak temperature
and pressure in the case of Schreyer and Abrah@n8)&nd Perchuk et al. (2002),
and poorly constrained temperature estimates ovefte et al. (1997b). The
application of a pseudosection modelling approadhch addresses this problem, is
thus likely to yield more rigorous constraints T estimates and optimally
constrain the?-T path through correlation of observed mineral teeguvith model

phase equilibria ifP-T-X space.

Pseudosection modelling was performed in THERMOCARR5 (Powell and
Holland, 1988, update April 2007) and an updatdadrirally consistent dataset of
Holland and Powell (data set tcds55, 22 Novembd&@3R0The chemical system
adopted for phase equilibria modelling of the roickthis study is NZO-CaO—-0—
FeO-MgO-A}Os—-SiO—H,O-TiO~Fe03;, i.e., NCKFMASHTO. This is
considered to be a good approximation of a napehiic rock composition (Powell
and Holland, 2008). Tha-x relationships for solid solution phases are thesal by
White et al. (2007; new biotite, garnet and liqgmddels). The omission of Mn from
the system raises the garnet-in boundary by 15 ?Q@White et al., 2004). The
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absence of Zn in the model chemical system meaighk Zn-rich spinel phase in
SK6C and SK9-CLM and, potentially, staurolite sk#piestimates in the model
composition, will be compromised. Specifically, thggh proportion of gahnite in
spinel may well stabilise spinel in a real rock gasition that otherwise would be
spinel-absent in NCKFMASHTO. The pseudosection mimgdewas also performed
prior to the release o&-x models for orthoamphibole and, as such, the low-
temperature portions of the pseudosections for Kh@®-depleted compositions
modelled are likely to be metastable with respeairthoamphibole (J. Diener, pers.
comm. 2006).

Pseudosection modelling was undertaken on 3 sample$A is a metagreywacke
and SK9-CLM and SK6C are metapelites. For each kantywo pseudosections
were constructed with different bulk compositionsn (mol%). The first
pseudosection presented for each sample is basea lmik composition most
appropriate for modelling peak conditions. This wasained from a representative
XRF analysis of the bulk rock with J@& molar % estimated such that the peak
assemblage could be modelled with the observedralimodes and only a tiny
proportion of melt. This working assumption is lthe® the premise that melt-loss
must occur continuously on the prograde path fahowerossing of the wet solidus
in order for the rock to maintain cohesion (Whiteag, 2005). Since the bulk
composition used to construct the peak pseudosetmioeach sample is, thus, a
melt-depleted, restitic one, it is inappropriateuse the same composition to model
the prograde path. Unfortunately, there is no uinvemgal low-grade analogue down
the metamorphic field gradient that can be usedestimate the protolith
composition. Despite this, it is still possible éstimate an approximate protolith
composition by sequentially reintegrating melt loé tappropriate bulk composition
back into the peak composition following the metraelieloped by White et al.
(2004). Basically, melt reintegration involves auyliliquid to the peak bulk
composition until the low-temperature boundary bé tphase field becomes a
peritectic phase-out and not liquid-out point. fezitectic phase-absent, liquid-out
point is then calculated and a new predicted bwkmosition is obtained. More
liquid is added to this new bulk composition unsihother peritectic phase
disappears before liquid, thereby yielding a nevk lromposition. This process

proceeds until the rock is fluid-saturated at thet wsolidus. The second
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pseudosection presented for each sample is based melt-reintegrated bulk

compositions obtained in this manner.

2.6.1 Estimation of peak metamorphic conditions

Melt loss from the equilibration volume plays aaal role in the preservation of
the peak granulite facies assemblage (White andeP,02002). White and Powell
(2002) quantitatively demonstrated that the loss @ilicate melt into which ¥
has partitioned during dehydration melting effeelyv removes KO from the
equilibration volume, thereby preventing re-equdiion of the anhydrous,
refractory granulite facies residuum during retesgion. As a consequence, the
solidus is substantially elevated in the refractbotk composition. The coarse-
grained textural evolution of the granulite facessemblage continues until the new
elevated solidus is crossed on cooling (White amadf, 2002). With rapid cooling
rates and/or melt loss, diffusion rates may dininiglong the suprasolidus
retrogradeP-T path to the extent that intergranular diffusiortdraes rate-limiting
and corona textures evolve (Chapter 3). This idcéjpof highly restitic bulk
compositions with extreme melt loss. In contrasgrenmelt-rich granulites will
continue to equilibrate both texturally and comgosally until reaction cessation at
the solidus (White and Powell, 2002). Below theidid, in the absence of
deformation or melt or water ingression, diffusiates are too sluggish to effect
reaction and the peak assemblage present at idesplersists metastably to lower
temperatures (Diener et al., 2008; White and Po\&eD2).

Estimation of peak metamorphic conditions in graeslis commonly hindered by
compositional re-equilibration of minerals duringethigh-temperature retrograde
path (Harley, 1989; Fitzsimons and Harley, 1994ti&an and Begin, 1994; Pattison
et al., 2003; Harley, 2008). This precludes the wo$econventional exchange
thermobarometers for modelling the peak conditidgfartunately, mineral modes
attained during peal-T conditions are more easily preserved than the maine
compositions such that, with consideration of theeixtural relationships, it is

possible to infer peak conditions directly fromsepdosection calculated for a bulk

composition appropriate for those peak conditiorsy.( Hollis et al., 2007).
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Moreover, overlapping peak assemblage fields froiffierdnt pseudosections
calculated for a range of compositions may be usedurther constrain peak
conditions, assuming all samples experienced thmesgpeak pressure and
temperature (e.g., Clarke et al., 2007). The cstitrg bulk compositions in pelitic
and greywacke samples are amenable to this mogletigthod, particularly where
they can be sampled in close proximity to one agtsuch as is the case for SK6C
and SK4A. It is important to appreciate that thakpeonditions interpreted from
modelled pseudosections represent the poinP-ii space at which the coarse-
grained textural evolution of the rock ceased. @bwial peak conditions may well
be higher, particularly for melt-rich granulitesytbare now obscured by reaction
under suprasolidus conditions along the high-teatpee portion of the retrograde
path. The peak estimates thus represent minimunssyre and temperature

constraints for peak (M metamorphism (e.g., Clarke et al., 2007).

SK6C peak conditions

A pseudosection based on a bulk composition apg@teprfor modelling peak
conditions for the metapelitic Sample SK6C is pnése in Figure 2.24. According
to this, the peak metamorphic assemblage of gaconedjerite, biotite, plagioclase,
K-feldspar, quartz, liquid, ilmenite and rutilesgable from 870 to 890 °C and 7.1 -
7.9 kbar. The Zn-rich spinel was omitted from thedelled assemblages since this
is a minor phase present only as inclusions iniedtd (see Figure 2.7a). Stevens et
al. (1997b) identified spinel in contact with quairticluded in garnet consistent with
the breakdown of spinel-cordierite-quartz assenddap garnet-sillimanite-quartz
assemblages in pelitic bulk compositions at lowspuees in FMASH (Figure 1.10;
Waters, 1991). The inclusion of these phases inejauggested the reaction must
have been crossed on the prograde path prior o gaaditions and, accordingly,
they inferred an anti-clockwisB-T path based on this texture. However, detailed
petrographic examination of over 50 thin sectionsthis study conclusively
established the absence of spinel in contact witirtq and inclusion exclusively in
cordierite. Increasingly, limited petrological sifjcance is attached to spinel
inclusions in cordierite (pers. comm. J. DieneQ20 They may have formed when

staurolite was included along the prograde patlhiwitordierite (demonstrated in
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prograde pseudosections, Figure 2.34). This woualee hcreated a locally silica-

undersaturated compositional enclave in a rockratise containing free quartz. As

a consequence, with increasing T, the staurolitaldvbave then reacted with the
cordierite to form spinel independently of thecahsaturated equilibria prevailing in

the bulk of the rock. Evidence for this scenariculdobe the measured elevated Zn
levels in the spinel (Tables 2.4d, 2.5d), as Zmpiisferentially sequestered in

staurolite as it reaches its upper stability li(eig., Stoddard, 1979).

The peak assemblage phase field in the SK6C pseciitms is contoured foXg.for
garnet, biotite and cordierite in Figure 2.25. Mead garnetXge values in the
sample range from 0.53 to 0.67; cordieMg ranges from 0.11 to 0.17 and biotite
Xre ranges from 0.24 to 0.32 (Section 2.5). The regidT space of compositional
overlap between garnet and biotKe. is from 870 - 880 °C and 7.1 - 7.6 kbar.
Cordierite is more Fe-rich in the modelled pseudtise (0.17 to 0.21) than
observed in the rock. More magnesian cordierite prusitions are predicted in the
pseudosection (0.17 - 0.18) toward the higher-teatpee, higher-pressure margin
of the peak phase field, matching observed cotdighn compositions; however,
measured cordierite core compositions are too nsgmdor this phase field (0.11 -
0.14). Potentially, the magnesian compositionshef ¢ordierite cores could imply
that marginally higher peak temperatures and pressmay have been attained in
this rock but that these have been largely obscbsede-equilibration and back-
reaction with melt immediately post-peak along thigh-temperature retrograde

path.

More reliable constraints on peak conditions fomke SK6C are rendered by a
pseudosection contoured for mineral mol% of garbietiite and cordierite (Figure
2.26). Mineral modal analysis of thin sections fr&k6C yielded a mineral modal
proportion estimate of garnet of 0.25 - 0.35, beotf 0.10 - 0.15 and cordierite of
< 0.05, consistent with a range of modelled mineratles from 870 - 880 °C and
7.1 - 7.9 kbar. Probable minimum peak conditiorseleon correlated measured and
modelled mineral modes within the peak phase faekel at 875 °C and 7.4 kbar,
indicated by the black circle in Figure 2.26.
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Figure 2.24: P-T pseudosection constructed for SK@@ak metamorphic conditions. Mineral
abbreviations are those used conventionally in THERCALC. The peak metamorphic
assemblage of garnet, cordierite, biotite, plages#, K- feldspar, quartz, liquid, ilmenite and rlgi
is stable from 870 to 890 °C and 7.1 - 7.9 kbargldi 1).
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Figure 2.25: P-T pseudosection constructed for SKp€ak metamorphic conditions, contoured for
Xre Of garnet (red isopleths), biotite (green isoplsthand cordierite (blue isopleths). Mineral
abbreviations are those used conventionally in THERCALC.
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Figure 2.26: P-T pseudosection constructed for SKp€ak metamorphic conditions, contoured for
mineral modes of garnet (red), biotite (green) amdrdierite (blue). Mineral abbreviations are
those used conventionally in THERMOCALC. Observednaral modal proportions of garnet
(0.25 - 0.35), biotite (0.10 - 0.15) and cordier{te 0.05) are consistent with a range of modelled
mineral modes from 870 - 880 °C and 7.1 - 7.9 ki@&robable minimum peak conditions based on
correlated measured and modelled mineral modes imithe peak phase field are at 875 °C and 7.4
kbar, indicated by the black circle.
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SK9-CLM peak conditions

Peak conditions for Sample SK9-CLM have been medeh a pseudosection with
a peak bulk composition shown in Figure 2.27. Thilkk composition is more calcic
and sodic compared to SK6C, manifesting as highetatred modes of plagioclase
in all phase fields. SK9-CLM is slightly more Fehi(Xug = 0.52) than SK6CXyq

= 0.55). Molar oxygen is higher in SK9-CLM (0.12)rgpared to SK6C (0.05), as
required to stabilize ilmenite without rutile inetlpeak assemblage (White et al.,
2000). The solidus is around 5 °C higher in SK6@pared to SK9-CLM for all
pressures modelled. Near-coincident solidPHT space imply that retrogression for
both SK6C and SK9-CLM would have ceased at thaliswoiithin the samd& range
(White et al., 2002).

In Sample SK9-CLM the peak assemblage of garnetliexite, biotite, plagioclase,
K-feldspar, quartz, liquid, and ilmenite is stalidlem 865 to 885°C and 7.0 - 7.7
kbar (Figure 2.27). Figures 2.28 and 2.29 are nfieghiviews of the peak
assemblage field contoured f%. and modes of garnet, cordierite and biotite,
respectively. The measured compositions of garket £ 0.68 - 0.83), cordierite
(Xpe = 0.19 - 0.27) and biotiteXfe = 0.38 - 0.54) reported in Section 2.5 are
significantly more Fe-rich than the predicted cosipons for garnetXg. = 0.50 -
0.55), cordierite Xre = 0.19 - 0.21) and biotiteXge = 0.25 - 0.28). This disparity in
mineral compositions demonstrates the problem imgusompositional data to
constrain peak conditions. Since the differencesafidus temperatures for SK9-
CLM and SK6C across the pressure range modelledtisn 5 - 10 °C (compare
Figures 2.24 and 2.26), arrested reaction for th&t-jmpact event will occur at
essentially the same temperature (see Chaptelir@)nating bulk composition as a
control on extent of post-impact reaction. Rathergreater degree of reaction
overstepping closer to the core of the Dome atdrigiost-impact temperatures must
be invoked to explain the more extensive replacémémgarnet by symplectite in
SK9-CLM and consequent re-equilibration to high®g. post-impact phase
compositions. By comparison, corona developmer8Hi6C is negligible owing to
post-impact temperatures having been lower andgudHeration at post-impact
conditions more inhibited. Thus, mineral modes KOSLM, once corrected for

post-impact pseudomorphic replacement, are coresiday be more definitive of
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peak conditions than mineral compositions. Minenaldal analysis of thin sections
from SK9-CLM vyielded a mineral modal proportion iesite of garnet of 0.30 -

0.40, biotite of 0.10 - 0.15 and cordierite < 0.88nsistent with a range of modelled
mineral modes from 870 - 880 °C and 6.9 - 7.6 kfpagure 2.29). Probable

minimum peak conditions are at 878 °C and 7.45 ,kibdicated by the black circle

in Figure 2.29.

Figure 2.27: P-T pseudosection constructed for SK8M peak metamorphic conditions. Mineral
abbreviations are those used conventionally in THERCALC. The peak assemblage of garnet,
cordierite, biotite, plagioclase, K-feldspar, quartliquid, and ilmenite is stable from 865 to 885°C
and 7.0 - 7.7 kbar (Field 2).
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Figure 2.28: P-T pseudosection constructed for SK@M peak metamorphic conditions,
contoured for X, of garnet (red isopleths), biotite (green isople}tand cordierite (blue isopleths).
Mineral abbreviations are those used conventionatlyTHERMOCALC.
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Figure 2.29: P-T pseudosection constructed for SK@M peak metamorphic conditions,

contoured for mineral modes of garnet (red), biait(green) and cordierite (blue). Mineral

abbreviations are those used conventionally in THERCALC. Observed mineral modal
proportions of garnet (0.30 - 0.40), biotite (0.1@.15) and cordierite (< 0.05) are consistent wih

range of modelled mineral modes from 870 - 880 9@&1&.9 - 7.6 kbar. Probable minimum peak
conditions are at 878 °C and 7.45 kbar, indicateglthe black circle.
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SKA4A peak conditions

The pseudosection for the metagreywacke Sample Sk4presented in Figure
2.30. The association of matrix biotite mantlinghopyroxene in this sample
suggests biotite replaces orthopyroxene during4paaktion with a melt on the high

temperature retrograde path before reaction istadeat the solidus. Johnson et al.

(2008) modelled melt loss and retrograde evolutmn metagreywackes and
similarly attributed the occurrence of biotite afterthopyroxene to limited

retrogression and back-reaction with 10 mol% ofrttedt initially generated at peak
conditions. Accordingly, the observed assemblag8KAA is representative of the
minimum peak conditions attained, i.e., the conditions ungich the coarse-

grained evolution of the rock ceased. Actual peakddions are likely to have been
higher, approaching th-T conditions of SK6C sampled in close proximity to
SKA4A. If biotite is omitted from the assemblagee timferred peak phase field
comprising garnet-orthopyroxene-K-feldspar-plagaset-ilmenite-melt-quartz is a

high variance field with a brod®T range.

Figures 2.31 and 2.32 are magnified views of sugidiss assemblage fields
contoured forXge in garnet, orthopyroxene and biotit¢Opx) and mineral modes,
respectively. The observed mineral modes afd of garnet and biotite are
consistent with equilibration in the garnet-biotitehopyroxene-plagioclase-K-
feldspar-liquid-ilmenite-quartz field. Compositiommd modes are consistent with
extensive re-equilibration on the high-temperateteograde path and back-reaction
with a melt, such that the coarse-grained assemaldaglution persisted under post-
peak conditions. The observed mineral assemblagélibzgted at a lower
temperature than the SK6C and SK9-CLM assemblagiés. closely spaced
isopleths encountered on the retrograéeT path in the garnet-biotite-
orthopyroxene-K-feldspar-plagioclase-liquid-ilmenifield (Figure 2.32) suggest
biotite grew rapidly over a short interval on tRel path, consistent with the high
proportion of coarse-grained retrograde biotiteeobsd. Mineral modal analysis of
thin sections from SK4A yielded a mineral modalgodion estimate of garnet of ~
0.25, biotite of 0.05 - 0.10 and orthopyroxene 0.5, consistent with probable
minimum peak conditions of 858 °C and 7.1 kbarjdatéd by the black circle in
Figure 2.32. Notably, the absence of cordieritthenassemblage means that &
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path did not involve significant suprasolidus depoession below 6 kbar (Figure
2.32).

Disparity exists between the predict¥g. and y(Opx) of orthopyroxene and the
observed values from microprobe analysis. In essencthopyroxene is more
magnesianXg.~ 0.4) than the predictexk. of orthopyroxeneXg.~ 0.45), and less
aluminous (0.09 ¢(Opx) < 0.13) than predicted orthopyroxene compositi@5

< y(Opx) < 0.22) derived from the pseudosection. Thiference is too large to be
accounted for by error in the microprobe analysisreover, any attempt to modify
the bulk composition of the rock to produce the pidl orthopyroxene
compositions has failed to reproduce both the madeb the garnet and biotite
compositions. Three possible sources of error magount for the discrepancy
(Harley, 2008; Kelsey et al., 2003b). Firstly, feriron in orthopyroxene may have
been over-estimated though recalculation. The preseof F&' decreases the
amount of Al attributed to the Tschermaks’ compdreerd increases théyg of the

orthopyroxene (Harley, 2008). Secondly, uncertaintgy arise because of the

different formulations of/(Opx) from probe analyses. Two methods are commonly

applied (Pattison et al., 2003 Opx) = Cajtotal(OpX) 2 and/(OpX)=Csi ota( OPX) +
Calotal(OpX) - 2, where jcis cations of component. The former assumes
equipartitioning of Al between octahedral and ted¢dral sites and commonly
results in higher values. The latter is thoughtb&iter account for the possible
presence of Fé. The final source of error may arise in the presticcompositions in
THERMOCALC owing to uncertainties in the thermodyne data set (Holland and
Powell, Nov 2003). The calculated uncertainties gOpx) for the peak
pseudosection for SK4A are +0.02 Zor y(Opx) and 0.03 foXyg, bringing the
predicted and observed closer to agreement. Thesaiaimum uncertainties based
only on the uncertainty for enthalpy propagateaulgh the calculations (Richard
White, pers. comm. 2008). Actual uncertaintiesha THERMOCALC predicted
compositions may well be higher.
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Figure 2.30: P-T pseudosection constructed for SKfgkak metamorphic conditions. Mineral
abbreviations are those used conventionally in THERCALC.
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Figure 2.31: P-T pseudosection constructed for SKgdak metamorphic conditions, contoured for
Xre Of garnet (red isopleths), biotite (green isoplsjtand orthopyroxene (yellow isopleths). White
isopleths represent y(Opx) of orthopyroxene. O fretbulk composition corresponds to 0.006°Fe
cations in orthopyroxene in the g-opx-pl-lig-kspril-q assemblage. Mineral abbreviations are those
used conventionally in THERMOCALC.
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Figure 2.32: P-T pseudosection constructed for SKgdak metamorphic conditions, contoured for
mineral modes of garnet (red), biotite (green) andhopyroxene (yellow). Mineral abbreviations
are those used conventionally in THERMOCALC. Obsedvmineral modal proportions of garnet
(0.25), biotite (0.05 - 0.10) and orthopyroxene 1®), consistent with probable minimum peak
conditions of 858 °C and 7.1 kbar, are indicated tine black circle.
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Peak conditions for the Steynskraal traverse

In Figure 2.33, the peak assemblage fields from 3heseudosections described
above are combined. Minimum peak conditions for £HM, SK6C and SK4A are
represented by red, blue and green circles, raspbgtin Figure 2.33. Samples
SK6C and SK9-CLM are separated spatially by 3 komglthe Steynskraal traverse,
suggesting a maximum of ~1 kbar difference in fpe@ak pressures if the section
exposed in the Steynskraal traverse is a vertieatian through the crust prior to
doming, i.e., an on-end section. In reality, they8tkraal traverse represents an
oblique section though the crust given the gradedliction in rotation of Archaean
fabrics observed by Lana et al. (2003b) towardctrgre of the Dome. The fact that
we do not see higher pressures and temperatur8K9aCLM compared to SK6C
may be because the pressure and temperature ddéeketween the two samples

prior to doming along the oblique crustal sectiaswot significant.

Another reason for the lack of distinction betwe8K6C and SK9-CLMP-T
conditions may relate to the capacity of a roclpteserve the peak assemblage if
melt is not completely lost from the equilibratienlume. If melt is present, the
textural evolution of these rocks does not ceasthattrue peak conditions and
reaction continues under suprasolidus conditiorsngalthe high temperature
retrogradeP-T path until the solidus is crossed. Solidi for SEBM and SK6C are
near-coincident inP-T space. Hence, the retrograde textural evolutianbfath
samples would have ceased at simiafl conditions, even though actual peak
conditions may well have been higher for SK9-CLMowéver, given the restitic
nature of the pelitic rock bulk compositions, caaextures around garnet would
likely have formed on the suprasolidus retrogradéh pf actual peak conditions
were much higher (e.g., Hollis et al., 2007; Cha@e The absence of these; M
coronas suggests that, despite the limited capdoitySK9-CLM and SK6C to
preserve distinct maximum peak assemblages, owimgar-coincident solidi iR-

T space, it is unlikely that the actUdT path proceeded to significantly highesT
conditions than those indicated by the preservediimim peak assemblage in
SK6C and SK9-CLM at present. The regionFfT space where peak phase fields
for SK6C and SK9-CLM overlap (grey area, Figure32.&onstrains the minimum
peak conditions attained for the entire traversgvéen 870 - 885 °C and 7.1 - 7.7
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kbar. This supports the notion that the differenrcelepth of burial at the time of
metamorphism was negligible, i.e., the Steynskhaaverse represents a very
oblique section thought the crust, in which péaR differences between SK4A,
SK6C and SK9-CLM are negligible.

The lateral separation of SK4A and SK6C (~ 500 loh@the Steynskraal traverse
would equate to a maximum pressure difference poiatoming of < 0.2 kbar if the
Steynskraal traverse is a vertical section throtighcrust. Given the likelihood of
an oblique section through the crust (Lana et 200Q3b), the difference in peak
pressure estimates between SK6C and SK4A are emtliydascribed to variation in
melt loss and capacity to preserve the peak assgmbSince melt loss was not as
extensive in SK4A compared to SK6C or SK9-CLM (8®tR2.6.2), the solidus is
comparatively more depressedArrl space (Figure 2.30). SK4A, thus, had a greater
capacity to record conditions on the retrogradeh,paince reaction would have
ceased at lower temperatures for a given pressugassing the solidus compared
to SK6C and SK9-CLM. Post-peak equilibration ocedrfor a protracted portion of
the immediate retrograde path in SK4A to lower guess (7.1 kbar) and
temperatures (~ 860 °C) with the development otiteicafter peak garnet and

orthopyroxene, indicating a decompression-cooliaiiy p
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Figure 2.33: Combined reaction equilibria from peasseudosections for SK4A, SK6C and SK9-
CLM. Overlap between phase fields in which the nmmim peak assemblages of SK6C and SK9-
CLM are produced defines the minimum peak condit®mttained for the entire traverse. The
absence of M corona textures in SK9-CLM and SK6C suggests th& Path did not significantly
exceed these minimum P-T conditions.
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2.6.2 Prograde metamorphic evolution

Pseudosections based on melt-reintegrated bulk @sitigns using the technique of
White et al. (2004) were used to characterise tlogrpdeP-T path for samples
SK6C, SK9-CLM and SK4A. Melt reintegration for SK&nd SK9-CLM required,
respectively, the reintegration of 19 modal melt&d 21 modal melt % of
appropriate composition to the measured whole-roskpositions to yield the
estimated protolith compositions at the wet grasdkdus. In SK4A, 16 modal melt
% of appropriate composition was reintegrated batk the measured peak bulk
composition. The modal melt % lost from the equdiion volumes was compared
with predicted melt modes in the melt-reintegratadk composition at peak
conditions. Accordingly, melt loss is estimated~a?8% in SK9-CLM, ~ 82% in
SK6C and ~ 52% in SK4A. The lower proportion of trleks in SK4A compared
with SK6C and SK9-CLM is consistent with texturaldence of a greater extent of
retrograde suprasolidus re-equilibration in SK4Ae®dosections for the estimated
protolith compositions for SK6C, SK9-CLM and SK4Aean Figures 2.34, 2.35,
and 2.37, respectively.

Prograde reaction textures are best developedeimigtapelites, SK6C and SK9-
CLM. In these samples, biotite, cordierite (usuallgh spinel) and sillimanite are
included in garnet. Aggregates of spinel and Fe-dordierite now pseudomorph
sillimanite inclusions within peak cordierite-bigtiseams. Although sillimanite is
completely pseudomorphed by spinel and cordietisepresence may be inferred
from the extreme elongation of the aggregates é&wedpresence of sillimanite
inclusions in garnet, some of which show partiglaeement by similar aggregates.
A pseudosection for an estimated SK6C protolith position was constructed
(Figure 2.34). Similarly, a melt-reintegrated psesettion for SK9-CLM is
presented in Figure 2.35. Unlike the peak pseudiose; in melt-reintegrated
pseudosections melt-bearing fields are stabledontbt solidus. The sillimanite-out
line has a flat topology above the wet solidus, astricts the prograde sillimanite-
cordierite-biotite-bearing prograde assemblages thin field between 6.5 and 7.5
kbar from 700 to 850 °C in both SK6C (Figure 2.84)l SK9-CLM (Figure 2.35). A
progradeP-T path dominated by heating with little or no changepressure is
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inferred from these inclusion relationships anohdicated by the dot-dashed lines in

Figure 2.34 and 2.35.

Figure 2.34: P-T pseudosection constructed for SKftgrade metamorphic evolution based on
an estimated protolith composition. The presencesiimanite and cordierite inclusions in garnet
restricts the prograde evolution to a narrow mubiisiant field comprising garnet-cordierite-biotite-
sillimanite-ilmenite-quartz-liquid. A potential prgrade path is indicated by the white, dot-dashed
line. The K-feldspar-in line is delineated by theold line. Mineral abbreviations are those used
conventionally in THERMOCALC.
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Figure 2.35: P-T pseudosection constructed for SK@M prograde metamorphic evolution based
on an estimated protolith composition. A potentipfograde path is indicated by the white, dot-
dashed line. The K-feldspar-in line is delineateg the bold line. Mineral abbreviations are those
used conventionally in THERMOCALC.
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The peak assemblage for both SK6C and SK9-CLM ddmmaccommodated in the
melt-reintegrated pseudosections, i.e., a peaknddage comprising garnet,
cordierite, biotite, K-feldspar, plagioclase, ilnten quartz and liquid does not
constitute an equilibrium phase field in the praolgrgpseudosections (Figures 2.34,
2.35). K-feldspar is not stable along the prograalh inP-T-X space for both SK6C
and SK9-CLM protolith compositions and only occumsorthopyroxene-bearing
rocks of these compositions at temperatures ingsxgee850 °C (Figures 2.34, 2.35).
The K-feldspar-in line for both SK6C and SK9-CLMepslosections is indicated by
a bold solid line (Figures 2.34, 2.35). Since Kd&glar is, in fact, present in the peak
assemblage for both SK6C and SK9-CLM, the protokiimposition is not
appropriate to model the high-temperature portibthe P-T path. This is because
the protolith composition evolves to a more rastliulk composition as melt is
progressively lost along the prograde path. Mefttegration for SK6C reveals that
14 modal melt % must have been lost from the pitbtcbmposition to stabilize K-

feldspar at 857 °C and 7.3 kbar in a drier, mosétre, bulk composition.

A T-X pseudosection was constructed for SK9-CLM (Figi@6) to demonstrate
the effect of melt loss on the prograde assembdémy@y a prograde path at 7 kbar.
The X-axis tracks from a melt-reintegrated protolith gasition atX = 0.0 to the
peak, restitic, bulk composition dt= 1.0. The compositional range corresponds to a
total melt loss of 78%. The K-feldspar-in line ietblack bold line in Figure 2.36.
K-feldspar is not stable in the protolith bulk capsgion below the solidus &€ <
0.80 (i.e., 63 % melt loss). The dot-dashed linEigure 2.36 represents a potential
prograde path for SK9-CLM through-X space, assuming continuous melt loss.
Sillimanite is included in garnet during the lowrteerature portion of the prograde
path, but is unstable as temperature increasesmaaidloss proceeds, such that
sillimanite is preserved only as inclusions in ¢erte and garnet and not as part of
the peak assemblage. During the high-temperatugmeet of the prograde path
(dot-dash line), greater than 55% melt must beftost the equilibration volumeX(

> 0.69) to stabilise K-feldspar in the melt-deptetsssemblage above the solidus in
SK9-CLM. The presence of K-feldspar in SK6C and SKM is, thus, indicative

of melt loss.
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Figure 2.36: T-X pseudosection for SK9-CLM demoraing the effect of melt loss on the
equilibrium phase assemblage. The K-feldspar-indiis indicated by the black bold solid line. A
potential prograde path is indicated by the whitetelashed line. Sillimanite is included in garnet
during the low-temperature portion of the progradpath. K-feldspar is only stable in the
assemblage at suprasolidus conditions, with me#tdan excess of X 0.69 (55%) and temperature
> 850 °C. Mineral abbreviations are those used centionally in THERMOCALC.

In the metagreywacke SK4A, garnet is partly enddsg orthopyroxene, but never
the other way around. This is consistent with aypadeP-T path constrained by the
pelitic rocks SK6C and SK9-CLM, tracking throughetimultivariant phase field
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where both garnet and orthopyroxene are stabletogjectory that ensures that the

orthopyroxene mode increases whilst garnet modeedses (Figure 2.37).

Figure 2.37: P-T pseudosection constructed for SK#fograde metamorphic evolution based on
an estimated protolith composition and contouredr fonineral modes of garnet (red) and
orthopyroxene (yellow). The potential prograde patbor metapelites (SK6C and SK9-CLM) is
superimposed on the grid (white dot-dashed lineheTmode of orthopyroxene increases whilst
garnet decreases, consistent with the texture obsdrin SK4A, where orthopyroxene mantles
garnet (see Figure 2.11).
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2.6.3 Retrograde metamorphic evolution

The large volumes of melt lost from the Steynskmganulites means that they
remained essentially inert for the most of theogtade evolution and the subsolidus
retrogradeP-T path is largely obscured. Nevertheless, it id ptissible to glean
some information about the high-temperature suficasoportion of the retrograde
path from observed textures developed in both te@pelites and metagreywackes.
The peak pseudosections for SK9-CLM and SK6C and/ASHKre appropriate for
constraining the initial suprasolidus retrogradeletion.

Two potential P-T paths accommodating both the progrd@ld trajectory and
minimum peak assemblage for SK6C and SK9-CLM amaatestrated in Figure
2.38a and b, respectively. Path 1 for both SK6C &K®9-CLM represents a
potentialP-T path to hypothetical maximui@-T conditions by extrapolation of the
prograde path to intersect a suprasolidus retregpath oriented ifP-T space such
that the minimum peak phase assemblage is reprddaizeve the solidus (black
circle). Given a prograde trajectory from 6.5 t®& Kbar and 700 to 850 °C, the
stability of cordierite in the peak assemblage K66 and SK9-CLM suggests the
suprasolidusP-T evolution following attainment of potential maximu peak
conditions could not have involved an increasergsgure, i.e., the retrograde path
must have been decompressive and dominated byngoolihe absence of
orthopyroxene in the peak assemblage suggests ssligiss decompression
following attainment of maximum peak conditions diok occur at pressures below
7 kbar. Given the highly restitic nature of SK6QIe&8K9-CLM bulk compositions
(78 and 82 % melt loss, Section 2.6.2), the absendd; coronas around garnet
suggests thd®-T path 1 is unlikely (Section 2.6.1), i.e., the att-T path did not
proceed to significantly highd?-T conditions than those indicated by the preserved
minimum peak assemblage in SK6C and SK9-CLM atgmetSection 2.6.1). Thus,
a more likelyP-T path accommodating the absence qfddrona textures around
garnet isP-T path 2 (Figure 2.38a, b).

The retrograde evolution of SK4A is demonstrateigure 2.39. SK4A is a useful
sample, since its proximity to SK6C means that @iffgrence in minimum peak-

T conditions inferred from pseudosections reflecemywmg capacity of bulk
compositions to preserve the peak assemblage dwihgck-reaction with the melt,
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rather than actual differences in peak conditioB&cfion 2.6.1). SK4A has
undergone a greater degree of retrograde re-eriibdp compared to SK6C and
SK9-CLM, since the solidus in SK4A is depressed ifowto the presence of
retained melt) by 15 - 20 °C at 7 - 7.5 kbar coreddp the metapelitic solidus at the
same pressure. Retrograde biotite mantles botregarnd orthopyroxene in SK4A
(Figure 2.11). Figure 2.39 is a pseudosection 4/ peak conditions, onto which
minimum peak conditions inferred from SK6C and SBI9M are superimposed.
The solid black line is the prograde path inferfedm reaction textures and
inclusions in garnet from SK6C and SK9-CLM. The -dash line represents a
potential retrograde path involving decompressimmf minimum peak pressures
attained in SK6C to minimum peak conditions presdrin SK4A (7.1 kbar, 858
°C). Biotite mantling orthopyroxene and garnet gsoance the biotite-in line is
crossed (solid square). The coarse-grained evalaidcGK4A ends as the solidus is

crossed (green circle).

Stevens et al. (1997b) described a retrograde io@adexture where peak-
metamorphic cordierite reacts with melt to formaaggregate of biotite, sillimanite
and quartz. This is the texture shown in Figur@sahd 2.9. According to them, the
biotite-sillimanite intergrowth was subsequently eoyrown during post-shock
metamorphism by cryptocrystalline spinel and orgmogene. In addition, they
suggested that, apart from the post-impact replaoemf garnet, there is no other
evidence to suggest pressure-dependent breakdogaroét and, as such, the pre-
impact retrograde MP-T path was inferred by them to have been isobaaseB on
the observation of coarse-grained prograde silliramcluded in garnet and
attendant phase equilibria modelling of the progrpdth presented in this chapter, it
is more likely that relict sillimanite was includedthin cordierite and biotite seams
on the prograde path. The sillimanite was then gsewrphed by fine-grained
spinel and cordierite aggregates following the iotpgavent (Sections 4.2.6, 4.3.6).
The inclusion of sillimanite within cordierite algna prograde path has been
described for metapelites previously (Boger and té&/h2003) and the lack of
pressure-sensitive garnet breakdown in the strenmaigmatites is in accord with
large volumes of melt loss revealed by the meltegration modelling, such that
these rocks become chemically inert.
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Figure 2.38: Supra-solidus retrograde P-T evolutiaterived from peak pseudosections for (a) SK6C @ndSK9-CLM. The cordierite-out line for both SK6C
and SK9-CLM is blue and the orthopyroxene-in line green. Minimum peak conditions are indicated Hyetblack circles and potential maximum peak
conditions based on topological constraints discedsn the text are indicated by the white circléghe initial prograde trajectory for both path 1 and is

constrained from protolith pseudosections and insian relationships in garnet and cordierite. A pdlske P-T path to potential maximum conditions
accommodating both the prograde trajectory and nmmim peak assemblage is represented by the whiteheat line (path 1). Another P-T path to minimum

peak conditions is delineated by the black hatctie¢ path 2.

115



Figure 2.39: P-T pseudosection constructed for SKgdak metamorphic conditions, contoured for
mineral modes of garnet (red), biotite (green) andhopyroxene (yellow), with superimposed peak
conditions and proposed P-T path. The black squandicates the region in P-T space where P-T
path crosses the biotite-in line. The green circkpresents the P-T conditions where the P-T path

crosses the solidus and the peak assemblage iepred.
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2.7 Discussion

Recent structural and geochronological data froen\thedefort Dome (Hart et al.,
1999; Lana et al., 2006; Armstrong et al., 20063 hed to a reappraisal of the
tectonic and metamorphic history of the ArchaearseBgent Complex rocks
exposed in the core of the Dome. Archaean agepdak metamorphism of 3.10 -
3.08 Ga (Armstrong et al., 2006) and 3.107 Ga (Eiaal., 1999), conclusively ruled
out the possibility that the high-grade event welated to intraplating of magmas at
2.06 Ga, as suggested by Stevens et al. (1997mmjlaBy, Schreyer's endogenic
model (Schreyer, 1983) and Perchuk’s (2002) moelekiag to relate the M1 event

to Dome formation at 2.02 Ga are no longer tenable.

An alternative heat source for the peak event reeéalde coupled with a tectonic
model which allowed exhumation of granulites in-125 Myr to within 12 km of
surface upon which the Dominion lavas were extrude®.074 Ga. Lana et al.
(2004, 2006) proposed a tectonic model for thewgian of the Archaean Basement
Complex of the Vredefort Dome based on geochemigabchronological and
structural data from the core of the Dome. Theyotmed a model involving
tectonomagmatic thickening of the crust during edst to northeasterly-directed
subduction of an oceanic slab beneath the Kaamraabn between 3.12 Ga and
3.08 Ga (Armstrong et al., 2006; Lana et al., 20Q3aa et al., 2006). At the time
Lana et al. (2006) proposed their model, an ardiclase path (Stevens et al.,
1997b) was favoured for the metamorphic evolutibthe Steynskraal metapelites.
Lana et al. (2006) suggested that the pressuredaseron the anticlockwise prograde
path might be explained by considering the Steyamkrocks as greenstone
xenoliths sinking through a molten mush of TTG magmHowever, their model
struggled to accommodate an isobaric cooling resicg path, proposed by Stevens
et al. (1997b) on the basis of an apparent ladkaafiet breakdown and the apparent
replacement of cordierite by sillimanite and bmtitAn isobaric cooling path, in
contrast to isothermal decompression paths morealypf orogenic terranes,
indicated that the crust could not have been sgamfly overthickened (Lana et al.,
2006). Without overthickened crust these workerddoot easily explain the rapid
exhumation rates required during extensional ummgoimplied by age data. An
alternativeP-T path was proposed by Perchuk et al. (2002) in hviaigost-peak
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(700 °C, 5 kbar) decompressive cooling path wapgsed (Figure 2.40) based on
zonation of peak phases. This would complement sanadel better, unfortunately
the zonation documented by Perchuk et al. (200@)daaot be verified in this study
— any zonation is related tosMymplectite formation (Section 2.5) and not post-M

decompression.

In this chapter, the Mevent is revisited, employing quantitative phasailéxia
modelling capacity in THERMOCALC to re-evaluate theetamorphic textures,
bringing congruence between structural, geochraicéd and metamorphic models

for the Archaean Basement Complex in the Vredddorne.

2.7.1 Towards a new model

Conventional thermobarometry applied by both Satreynd Abraham (1978) and
Perchuk et al. (2002) led to pe&kand T estimates of 5 kbar at 700 °C in both
studies, whereas Stevens et al. (1997b) suggestgabtatures ranged from between
850 °C to > 920 °C at 5 kbar. Based on inclusidati@nships in garnet, Stevens et
al. (1997b) constrained an anti-clockwiBd path for the M event characterized by
post-peak isobaric cooling. Perchuk et al. (200&juted a weakly decompressive
cooling path based on zonation in Archaean pha3é® three alternative
metamorphic scenarios are illustrated in Figur® 2Mproblem common to all three
estimates, and an issue that typically compromilsesapplication of conventional
thermobarometry in metamorphic studies, is theogerde compositional resetting
of Fe-Mg thermometers on cooling. This commonlydke#o an underestimation of
peak conditions. A more pressing problem, howewerthe large uncertainties
intrinsic to P-T estimates derived from conventional thermobaroraete
Uncertainties in conventional thermobarometry amke to error in the probe
analyses, uncertainties in the thermodynamic dataska-x relationships between
mineral end-members, particularly when ferric iisnpresent. If uncertainties are
not quantified realistically, the estimat®dT conditions that they constrain can be
very misleading (e.g., Powell and Holland, 2008)cdntrast, in pseudosections, the
boundaries between fields of alternative minerakathlages constraandT, and

not uncertainties (Powell and Holland, 2008). Pssedtions also allow
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reconstruction of th@-T path through comparison of the observed assemhilahbe
corresponding mineral modes and compositions irrakges that could have
developed given a range of potent’dT conditions in the pseudosection. Most
importantly, however, unlike conventional thermabaeters, pseudosections are
able to constraifP-T conditions of formation for an assemblage withaguiring
knowledge of the original peak mineral compositiofis is particularly useful in
complex, polymetamorphic terranes that are sudaepto diffusional resetting of
components in phases, as is the case in the Vmedxdme granulites.

Phase equilibria modelling of metapelitic and medgigyacke garnet granulites from
the Steynskraal traverse constrains new minimunk peaditions of 870 - 885 °C
and 7.1 - 7.7 kbar during the 3.10 — 3.08 GaAvthaean metamorphic event in the
core of the Vredefort Dome (Figure 2.40). Actuadlpeonditions may have been
marginally higher, but no longer manifest in thekaosince the coarse-grained
suprasolidus evolution of granulites probably cauméid after peak conditions were
attained, such that the assemblage observed irotkeat present reflects the final
equilibrium assemblage attained upon freezing at g¢blidus. The absence of
evidence for corona formation related to, Muprasolidus retrogression in melt-
depleted SK6C and SK9-CLM suggests actual peak itonsl were not
significantly higher than the minimum peak estirsatbtained from the assemblage
in the rock at present. Previous thermobarometsitmates using conventional
thermobarometers appear to have underestimated Peaknditions owing to
compositional re-equilibration of minerals to lowsmperatures and pressures
during the high-temperature part of the retrogradtory, and underestimation of
the extent of post-impact re-equilibration. Incrsirelationships in garnet and
cordierite constrain a prograde up-pressure trajgactominated by heating from 6.5
kbar, 700 °C to 7.5 kbar, 850 °C (Figure 2.40). Hbsence of cordierite in the
metagreywackes and orthopyroxene in the pelitick pgssemblages suggests a
suprasolidus retrograde path dominated initiallycbgling through the pelitic solidi
and then minor decompression to > 7 kbar at ~ 8&fior to cessation of the
coarse-grained evolution of the melt-rich metagragke, SK4A, as the solidus is
crossed (Figure 2.40). Thereafter no retrogradeutakinformation is recorded in
the rocks.
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Figure 2.40: Comparison of P-T estimates from preus studies and those attained in this study.
The steeper subsolidus retrograde path correspondsestimates of the burial depth of the
Steynskraal rocks at 3.074 Ga.

Phase equilibria constraints on the prograde apdasalidus retrograde evolution
suggest a clockwisB-T path for the Archaean granulite event. This isstsient

with field and structural evidence from the enabgsT TG rocks (Lana et al., 2006;
Armstrong et al., 2006). The prograde pressureeas® from 6.5 kbar, 700 °C to 7.5

kbar, 850 °C could potentially still be accommodaty denser greenstone xenoliths
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gravitationally sinking within molten crust domiedt by cooling semi-crystalline
TTG magmas, however, such a scenario has implicatior crustal rheology that
cannot be easily tested. The path is more likelyb& the product of more
conventional burial during Ptectonic thickening with a component of magmatic
thickening caused by TTG intrusions at shalloweustal levels leading to
overthickening of the crust and subsequent exhwmaifhe latter model has the
advantage of not requiring a potentially gravitasitty unstable situation in which
the crust is molten enough to allow xenolith subsce. Furthermore, the rapid,
extensional collapse of the thickened crust to eggbe amphibolite facies rocks at
surface within 10 - 25 Ma after the peak eventotonfthe substrate upon which the
Dominion lavas were extruded is more readily rededaowith a clockwiseP-T path,
although such extension may have only commenced aift initial phase of cooling
(Figure 2.40). The > 500m-wide northeast-trendmglonitic Broodkop shear zone
in the south-east of the Dome (Figure 1.5; Lara.eR006; Armstrong et al., 2006),
which now juxtaposes upper amphibolite facies g@ssagainst mid-greenschist
facies greenstones, supports this retrograde eonlut

The newP-T path presented here and the tectonic model of baaa (2006) are in
accord with tectonic models of subduction-drivertdaics inferred from low
geothermal gradients (12 - 15 °C/km) determinethfrecent work on the Barberton
greenstone belt at ca. 3.23 Ga (Moyen et al., 20@tggel et al., 2002; Diener et
al., 2005, 2006). These workers invoke a similavckiise P-T path during
accretion of two island-arc terranes during the mmdd2 phase of collisional
tectonics at 3.23 Ga in an arc-trench setting (Mo@®06). However, the Barberton
terrane is characterised by much lower peak tenyreisaand higher pressures than
the rocks in the Vredefort terrane. Peak conditimnghe Onverwacht Group were
constrained at 8 - 11 kbar and 650 - 700 °C (Dziggal., 2002). In the southern
Barberton greenstone belt, work by Diener et aDO& 2006) vyielded peak
estimates of 9 - 12 kbar and 650 - 700 °C. Moyenle{2006) characterised still
higherP, T conditions of 12 - 15 kbar and 600 - 650 °C foraamphibolite from the
Inyoni shear zone. The higher peak temperaturesoavet pressures determined for
the Steynskraal rocks suggest a greater compofienagmatic heating than in the
Barberton terrane, in agreement with voluminous Ti&matism coincident with

D5 deformation in the Vredefort Dome.
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