Chapter 5: Open-system, metasomatic, diffusion modleng of complex coronas

in pelitic granulites from the Vredefort Dome

51 Introduction

The unique sectoral and radial heterogeneity adreas developed in the Steynskraal
rocks has been described in Chapter 4. In this tehagiffusion modelling of
coronas is undertaken on the garnet-quartz corasgsart of a coupled modelling
approach aimed at quantifying controls on reacagtent and equilibration in the
coronas. The theory of open-system diffusion mautllhas been discussed in

Chapter 3 and mathematical formulations are indudeAppendix A.

Open-system diffusion models have been construétedcoronas developed
between garnet and quartz from three localitie®sscithe Steynskraal traverse
representing a range in inferred post-shock tentypers from numerical modelling
(lvanov, 2005) and local bulk compositions. To teshperature control on corona
development, coronas were selected with restricigedl compositional variation to
minimize any incipient compositional controls omegon extent, i.e., the ‘starting’
compositions had to be the same. During reactiencthimpositions of the corona
effective bulk compositions will have evolved degieig on diffusion rates and
duration of reaction as a function of temperatuingial conditions needed to be
identical to constrain subsequent corona evoluisna function of temperature
alone. Optimal coronas selected for this purposettayse developed around quartz
inclusions in garnet where interaction with the mxais limited. Selection of
appropriate garnet-quartz core coronas requireshsgaiction of potential incipient
corona bulk compositions prior to reaction. Givhea extent of diffusional resetting
of the peak garnet composition during post-impaaction (SK9-CLM, Section
2.5), the original composition of the corona bulempositions could not be
accurately reconstructed using the measured gaoraposition at present. The
initial bulk compositions for each garnet-quartzar@a domain immediately prior to
onset of corona formation had to be determined frodma peak Archaean
compositions in THERMOCALC (Table 5.1). Theoreti@dERMOCALC initial

285



bulk corona compositions comprise 50 mol% peak gfar® mol% quartz and 1
mol% ‘matrix’. The ‘matrix’ component constitutes rainor contribution to the
corona bulk composition by matrix phases recaledldab 1 mol%, in their original
proportions and compositions in the peak assembisge Section 6.1 for further
discussion). The actual bulk corona compositiofiieidior every corona depending
on the degree of metasomatic exchange with thewuoding rock during corona
formation. The theoretical corona bulk compositiGesve only as a guideline in

terms of selection of coronas for modelling.

Three coronas developed around quartz inclusiotfinmihe cores of garnets from
SK8C, SK12A and SK9 were selected for modellinge Three sample localities
occur at roughly 1 km intervals along the Steynaktaverse from the northwest at
SK8C to the southeast at SK9 (Figure 5.1). Postislhemperature, inferred from
numerical impact models (lvanov, 2005), increasesf~ 950 °C at 8 km (SK8C)
from the centre of the Dome to ~ 1050 °C at 5 kamfrthe centre of the Dome
(SK9). As described in Chapter 4, Sections 4.2d.48.1, the garnet-quartz corona
domains in SK8C, SK12A and SK9A comprise a cortkeorthopyroxene (Opy)
symplectite adjacent to garnet, followed by a momamalic plagioclase layer,
terminated by a monomineralic, blocky orthopyroxdager (Opx) (Figure 5.2).
Layer thickness and vermicule size increase byrderamf magnitude from SK8C to
SK9 (Figure 5.2, Chapter 4, Section 4.4). Theoaétimcipient bulk corona
compositions are included in Table 5.1. Apart frarslight variation in théyg of
reactant garnet, reflecting bulk rock variationXy, (see Chapter 2, Tables 2.1 and
2.2) the initial bulk compositions for all threecipient coronas are as similar as
reasonably possible (Table 5.1). Phase equilibraleting in Chapter 6 (Figure
6.46) establishes that the solidus temperature lat;e, reaction duration (Chapter
6.1), is independent of corona bulk compositign,. Accordingly, the minor
difference inXyg between these local bulk compositions exerts rflbence on
equilibration extent. Any variation in reaction emt can, thus, be attributed to
temperature control alone and evolving bulk compmsiby metasomatic exchange

with the matrix through prolonged reaction.
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In order to assess the influence of bulk compasita extent of corona formation
and equilibration, two additional coronas with tlsame inferred post-shock
temperatures from SK9 (Figure 5.1) were then medellhese coronas include - in
addition to the corona around a quartz inclusiothiwigarnet (SK9A) - a second
corona in the core of garnet adjacent to a K-feddspclusion (SK9B), and a corona
developed at the margin of garnet (SK9C) (Figu®.55K9B and SK9C exhibit the
same layer sequence as SK9A except that orthopyeoxermicules (Opx) are
present in the plagioclase-orthopyroxene sympkeatamprising layer 2 (Figure
5.2c, d). SK9B differs from all other coronas irattta monomineralic K-feldspar
layer separates plagioclase-orthopyroxene layeor blocky orthopyroxene layer
4. Layer thickness, vermicule size and spacinggaeater in SK9C compared to
both SKOA and SK9B (Figure 5.2, Chapter 4). Locatipient corona bulk
compositions were determined in THERMOCALC from donations of peak
reactant garnet with quartz and K-feldspar in SK®8 quartz and matrix phases in
SKO9C, to yield the observed corona product moded,ae included in Table 5.1.
SK9B has higher N®, K;O and A}Os; contents compared to SK9A, which are
required to stabilise the K-feldspar observed ia torona assemblage. SK9C is
marginally more hydrous, Mg-rich and aluminous canme to SK9A, consistent

with the higher observed cordierite modes and tbaa#te in the corona domain.

The anhydrous nature of the coronal assemblage®lladdobscures the fact that
melt must have been present during reaction (Chapt&ection 3.6; Chapter 6,
Section 6.1). White and Powell (2002) establishead suprasolidu®-T conditions
are required for reaction to occur in a restitiargrdite that has previously lost melt
during the peak event. Post-shock temperature atdsrin excess of 950 °C from
numerical modelling (Ivanov, 2005) for the Steymslitriraverse are certainly high
enough to induce suprasolidus reaction. The finaémblage observed at present in
the coronas is that which is preserved at the gsligdbon back-reaction with the
melt. The melt serves as an intergranular mediundifidusion, facilitating open-
system behaviour in corona reaction domains. Thesipal loss of melt from a
corona domain is also a potential mechanism fa &§sAl and Si from the system.

The role of melt in corona-forming reactions iseas®d in Chapter 6, Section 6.7.3.
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Table 5.1: Inferred THERMOCALC bulk compositions for SK8C, SK12A , SK9A, SK9B
and SK9C coronas

Component
SK8C SK12A SK9A SK9B SK9C
(mol%)
SiO, 71.01 71.05 70.98 68.49 66.06
Al,O3 7.26 7.28 7.28 8.53 8.25
FeO 12.69 13.14 11.94 11.93 12.97
MgO 8.81 8.34 9.57 9.56 11.77
CaO 0.13 0.07 0.1 0.17 0.1
Na,O 0.04 0.04 0.04 0.54 0.04
K,0 0.03 0.05 0.04 0.72 0.63
H,0 0.03 0.03 0.05 0.05 0.18
Xnmg 0.41 0.39 0.44 0.44 0.48
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(Foya et al., 1999)

500 °C

(Gibson and Wallmach, 1995)
>900 °C

(Stevens et al., 1997b)

400 °C
Centre of Vredefort Dome

Collar rocks

POSSIBLE EROSION LEVELS

Figure 5.1: Distribution of sample localities foraronas SK8C, SK12A and SK9A, B, C in the
Steynskraal area. Post-shock temperature increafesn SK8C to SK9 toward the centre of the
Dome according to numerical modelling (modified aftlvanov, 2005). Coronas from a variety of
textural and compositional settings at SK9, i.eK®\, B and C, were selected to demonstrate the
influence of bulk compositional parameters on corandevelopment at constant post-shock
temperature.
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Figure 5.2: BSE images of the coronas investigaiadhis study: (a) SK8C (8 km from centre of Doméhp) SK12A (6.5 km from centre of Dome), (c) SKIA (
km from centre of Dome), (d) SK9B and (e) SK9C. &&nd SK9C both occur at 5 km from the centre oktbome. The presence of K-feldspar in SK9B and
high modes of cordierite relative to orthopyroxetire SK9C distinguish these coronas from SK9A, indi@ of bulk compositional variation between the
coronas. Corona layer thickness and vermicule sizerease from SK8C to SK9C. Vermicule size, spacamgl layer thickness are greater in SK9C compared

to SK9B and SK9A.
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Open-system diffusion modelling of coronas involvé® application of non-
equilibrium thermodynamics to reconstruct and sateilone-dimensional diffusion
perpendicular to planar layer boundaries with laagdilibrium. It is assumed that
reaction takes place at a constant temperaturepaggsure and that the overall
reaction stoichiometry does not change with tintee @assumption of constatand

T cannot be strictly true for a corona-forming réactwhich is driven by change in
P andT. It is more realistic to consider the final closyoressure and temperature as
that which prevailed for the longest duration dgrie corona-forming reaction,
such that the assumption of constarandT is approached (Ashworth et al., 2001).

The open-system diffusion models presented inciégpter are based on the coupled
modelling methodologies of Ashworth and Sheplev@%nd Carlson and Johnson
(1991). Modelling is based on the primary assummgtiof diffusive transport of
components only through the corona and that logallierium is attained at every
point in the corona. Local equilibrium implies tblgemical potential of a component
is the same in all phases at a point, and thatiegrtsdin chemical potentials of
components across the corona as a whole drivestfiu Local equilibrium is
established by the partitioning of components betw@hases and a zone of
crystalline disorder extending inwards from grasubdaries, described by Joesten

(1977), as an ‘exchange medium’.

Fundamental to the modelling is the approximatibra steady-state during layer
growth (Fisher, 1977). In the model of Fisher (197& layer grows between

adjacent incompatible assemblages by reactioneatayer contacts. Components
evolved at one contact of a layer diffuse through lyer to the opposite contact
where they are consumed by reaction (Fisher, 19¥fg fluxes and chemical

potential gradients within each layer approach eswhich minimize the total rate
of entropy production and, consequently, a quagiestary or steady-state condition
is attained (Joesten, 1977; Fisher, 1977). By Bimgs Theorem in non-

equilibrium thermodynamics, a stationary state table relative to other states
derived from it by perturbations and also has eelorate of entropy production than
those perturbed states (Joesten, 1977; Fisher,).1977the steady state, the
stoichiometric coefficients of reactions at layerubhdaries are determined by the
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relative component fluxes through the layer (Joest©77; Fisher, 1977). The
component fluxes are controlled by the chemicakpial gradients in the layer,

which, in turn, are dictated by the mineral assegélin the layer.

The modelling of the final steady-state configuatof layers in a corona requires
estimation of an overall reaction from measuredaV@roportions of minerals and
their major element compositions. Three sets ofukameous equations, relating
component fluxes, chemical potential gradients stwichiometric coefficients of

phases in the reaction at each layer boundarythee solved iteratively for a

particular range of diffusion coefficients. For mem overall reaction, varying the
postulated diffusion coefficients leads to varyidigtributions of minerals among
layers. An acceptable model must match the obsetistdbution. Full details of

modelling methodology and MATLAB code used to dermodels are included in
Appendix A.

In this study, in determination of the overall réat equations, it was not possible
to assume closure of the system to Al and Si (stri&10Os,, and SiQ, since the
components used are oxides, following Fisher, 19%&tead a constant-volume
approximation formulated by Carmichael (1987) amst fapplied by Carlson and
Johnson (1991) was adopted. The original interfaesveen garnet and quartz
reactants was assumed to be the boundary betwgendaplagioclase and layer 3
blocky orthopyroxene (i.e., the contact betweemniétand Al-poor product layers)
consistent with constant volume diffusion modela @arnet-quartz corona reaction
in garnet amphibolites of the Llano Uplift (Carlsand Johnson, 1991). Successful
diffusion models presented below validate the agdiom of placing the original

interface at this position.
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5.2 Mineral chemistry

Major element mineral chemical analyses were peréar on a LEO 1430VP
scanning electron microscope with a Link ISIS egedispersive spectrometry
system at the University of Stellenbosch. Beam ttmm$ during the quantitative
analyses were 20 KV and 1.5 nA with an acquisitiome of 50 s. Spectra were
processed by ZAF corrections and quantified usiagunal mineral standards.
Mineral chemical compositions were recalculatechgighe software AX (T. J. B.

Holland, unpublished; see: http://www.esc.cam.ac.uk/astaff/holland/ax.html

Following the methodology of Diener et al. (200&jneral stoichiometries and the
resultant mineral structural formulae were usedet@luate the quality of the
analytical data. Only analyses that produced catimtals within 0.05 to 0.1
(depending on the number of cations) of the idéaitsiometric number for each
cation site were considered in the model (Dienealet2005). Individual analyses

are tabulated in Appendix B.

Average analyses of reactant garnet and coronaipt®dbr diffusion modelling are
included in Table 5.2 and plotted on an AFM pragattn Figure 5.3. Projection is
made from both K-feldspar and plagioclase sincediphases are present in at least
trace amounts in all coronas, and is, thus, reduieen bulk corona compositions
are plotted on the same diagram (see Figure 55KB.corona mineral compositions
are all more Fe-rich than in SK8C and SK12A (Figbu®), despite higher bulk-rock
Xmg I SK9 (0.52) compared to SK8C (0.49) and SK12A41) (Chapter 2, Table
2.1 and 2.2). Similarly, the Al content of coronghopyroxene decreases from
SK8C, to SK12A and to SK9 (Figure 5.3).

Cordierite analyses in all coronas except SK9Chexhnomalous Si cation totals (>
5.00 based on 11 oxygens). This is due to contdarmmaf cordierite spot analyses
by orthopyroxene vermicules in the symplectitetipalarly in the most fine-grained
symplectite in SK8C. In contrast, orthopyroxenelgses from the symplectite are
stoichiometric and do not exhibit contamination hgst cordierite. Preferential
contamination of cordierite and not symplectitehogyroxene may be potentially
ascribed to the relatively open, less dense, cotelistructure resulting in greater

volumes of excitation by the incident electron beamcordierite compared to
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orthopyroxene for the same spot size. Consequendygdierite analyses in all
coronas will be subject to a degree of contamimatfoom orthopyroxene
vermicules. Under such conditions, the trend¥up for cordierite in the corona will
still be valid but the average composition of tleedeerite cannot be used for mass
balance and flux determinations critical to diffusimodelling. For the purposes of
modelling, a modified, stoichiometric, cordieritengposition has been determined
for SK8C, SK12A, SKO9A and SK9B, assuming contamoratis from
orthopyroxene only. The new, modified, cordierit®@mposition approaches
stoichiometric cation totals for Al and Si. Fe avid are removed from the modified
cordierite analysis to yield stoichiometric catimals for Fe and Mg, assuming the
contaminating Fe and Mg were inherited in the saef&tive molar proportions as

the average orthopyroxene vermicule compositicheénsymplectite.

Individual point analyses of corona product phasese gridded and contoured
using a standard linear variogram in Surfer atid gode spacing of 2 um in all
coronas (Figures 5.4-5.17Xug in orthopyroxene decreases from garnet toward
guartz in SK8C, SK12A and SK9B (Figures 5.4a, 5%4la). In SK9A and SK9C,
however, the general decreaseXyy for orthopyroxene from garnet to quartz is
perturbed at the contact between layer 2 plagieclasd layer 3 blocky
orthopyroxene. At this contact, there is an irfftat in Xug of blocky
orthopyroxene to higher values (comparable to mésliate values for layer 1
orthopyroxene), followed by systematic reductioraiagtoward the contact with
quartz (Figures 5.8a and 5.15a). In all coronas,Ahcontent in orthopyroxene on
the M1 site, y(Opx), decreases smoothly and systematically frogmpdectite
orthopyroxene adjacent to garnet to blocky orthopgne adjacent to quartz
(Figures 5.4b, 5.6b, 5.8b, 5.11b, 5.15b), wh&f@px) = Caiwtal/2 after Pattison et
al. (2003). In general, cordieri¥qy also decreases progressively across the corona
toward quartz (Figures 5.5, 5.7, 5.9, 5.12, 5.16).

The plagioclase layer 2 in SK8C and SK12A was foio to accommodate the
spatial distribution of analytical points requireddetermine trends in composition.
In SK9 coronas, plagioclase layer 2 is thick enotegallow detailed probe analysis.
In SK9A, Xap decreases an&a, increases towards quartz (Figure 5.10). No
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systematic change in plagioclase composition iees! in SK9B (Figure 5.13) and
SKOC (Figure 5.17). In the monomineralic K-feldstayer in SK9B Xap decreases
andXoy increases towards quartz (Figure 5.14).

SK8C

SK12A

SK9A

SK9B

SK9C

SK8C modified cordierite
SK12A modified cordierite
SK9A modified cordierite
SK9B modified cordierite

> > D> e 0 @ 0 e

+ quartz, plagioclase, K-feldspar

Cordierite
A

Orthopyroxene

7 7 7 7 7 7

Figure 5.3: AFM projection from quartz, plagioclaseand K-feldspar for corona mineral
assemblages. All mineral compositions in SK9 corenare markedly more Fe-rich compared to
SK12A and SK8C.
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Table 5.2: Average mineral chemistry for coronas SBRC, SK12A and SK9A

SK8C SK12A SK9A
Position Layer 1 Layer2 Layer 3 Layer 1 Layer2 Layer 3 RCT Layer 1 Layer2  Layer 3
Mineral Grt Crd Crd* Opx PI Opx Grt Crd Crd* Opx PI Opx Grt Crd Crd* Opx PI Opx
SiOo, 38.39 52.08 49.32 48.44 63.00 51.82 37.81 51.11 48.86 47.56 57.80 49.04 37.09 50.81 48.47 47.20 59.34 47.78
TiO, 0.00 0.00 0.00 0.02 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,O4 22.18 29.48 33.46 8.49 21.46 1.51 21.98 31.76 33.15 5.92 25.21 1.24 21.64 31.56 32.89 4.02 23.94 1.80
Cr,04 0.00 0.00 0.00 0.48 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
Fe,O3 0.00 1.69 0.00 0.00 2.34 0.00 0.13 0.60 0.00 2.24 1.54 3.40 0.27 0.54 0.00 2.54 1.61 3.83
FeO 31.01 6.07 5.66 24.78 0.00 28.87 32,53 7.37 7.71 29.50 0.00 31.27 34.88 8.97 9.39 33.75 0.00 33.92
MnO 0.96 0.00 0.00 0.17 0.00 0.23 0.67 0.00 0.00 0.00 0.00 0.00 1.47 0.00 0.00 0.00 0.00 0.00
MgO 6.60 10.32 10.06 17.33 0.00 18.10 5.82 8.76 8.78 14.91 0.00 15.25 3.70 7.58 7.75 12.66 0.00 12.94
CaO 0.85 0.00 0.00 0.49 4.65 0.10 1.07 0.00 0.00 0.08 8.45 0.16 0.98 0.00 0.00 0.10 7.28 0.12
Na,O 0.00 0.53 0.00 0.00 8.47 0.00 0.00 0.46 0.00 0.00 7.01 0.00 0.00 0.58 0.00 0.00 7.78 0.00
K,O 0.00 0.02 0.00 0.00 0.30 0.00 0.00 0.01 0.00 0.00 0.16 0.00 0.00 0.01 0.00 0.00 0.21 0.00
Totals 99.99 100.19 100.20 100.22 100.64 100.01 100.06 100.22 100.16 100.34 100.03 100.06 100.25 100.16100.38
Nr. O 12 18 18 6 8 6 12 18 18 6 8 6 12 18 18 6 8 6
Si 3.00 5.23 5.00 1.82 2.80 1.97 2.98 5.15 5.00 1.84 2.60 1.92 2.97 5.16 5.00 1.87 2.66 1.90
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 0.00 0.00 0.00 0.00
Al 2.04 3.49 4.00 0.38 1.13 0.07 2.04 3.77 4.00 0.27 1.34 0.06 2.04 3.77 4.00 0.19 1.27 0.08
Cr 0.00 0.00 0.00 0.01 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
Fe® 0.00 0.13 0.00 0.01 0.08 0.00 0.01 0.05 0.00 0.07 0.05 0.10 0.02 0.04 0.00 0.08 0.05 0.11
Fe? 2.03 0.51 0.48 0.77 0.00 0.91 2.14 0.62 0.66 0.95 0.00 1.02 2.34 0.76 0.81 1.12 0.00 1.13
Mn 0.06 0.00 0.00 0.01 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00
Mg 0.77 1.55 1.52 0.97 0.00 1.03 0.68 1.31 1.34 0.86 0.00 0.89 0.44 1.15 1.19 0.75 0.00 0.77
Ca 0.07 0.00 0.00 0.02 0.22 0.00 0.09 0.00 0.00 0.00 0.41 0.01 0.08 0.00 0.00 0.00 0.35 0.01
Na 0.00 0.10 0.00 0.00 0.73 0.00 0.00 0.09 0.00 0.00 0.61 0.00 0.00 0.11 0.00 0.00 0.68 0.00
K 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Sum 7.98 11.01 11.00 3.98 4.97 3.99 7.99 10.99  11.00 3.99 5.02 4.00 8.00 10.99  11.00 4.00 5.02 4.00
Xma 0.28 0.75 0.76 0.56 0.53 0.24 0.68 0.67 0.47 0.46 0.16 0.60 0.60 0.40 0.40
y(Opx), 0.19 0.03 0.13 0.03 0.09 0.04
Xab 0.75 0.59 0.65
Xan 0.23 0.40 0.34
Xor 0.02 0.01 0.01

*Modified ideal stoichiometric cordierite

296



Table 5.2 continued: Average mineral chemistry foccoronas SK9B and SK9C

SK9B SKoC
Analysis Layer 1 Layer 2 Layer 3 Layer 4 Layer 1 Layer 2 Layer 3
Tag Grt Crd Crd* Opx Pl Opx Kfs Opx Grt Crd Opx PI Opx  Opx
SiOo, 36.84 50.80 48.30 47.29 59.00 47.18 66.49 48.52 36.95 48.42 47.83 59.83 48.23 48.99
TiO, 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,O4 21.65 32.09 32.78 4.86 25.57 3.33 17.22 1.00 20.35 32.44 3.34 25.06 2.91 2.02
Cr,03 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.07 0.00 0.32 0.00 0.15 0.00
Fe,0O4 0.48 0.31 0.00 2.06 0.00 3.36 0.47 3.16 2.50 0.56 1.27 0.68 1.14 1.09
FeO 34.98 8.59 9.24 32.70 0.61 33.18 0.00 34.66 32.28 9.12 34.26 0.00 34.60 34.49
MnO 1.61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.71 0.24 0.89 0.00 0.93 0.99
MgO 3.40 7.64 7.78 13.20 0.00 12.37 0.00 12.86 4.38 7.75 12.31 0.00 12.35 12.86
CaO 1.08 0.00 0.00 0.09 7.67 0.93 0.03 0.12 1.06 0.00 0.05 7.17 0.09 0.12
Na,O 0.00 0.59 0.00 0.00 7.17 0.00 2.43 0.00 0.00 0.00 0.00 7.12 0.00 0.00
K0 0.00 0.01 0.00 0.00 0.04 0.00 13.42 0.00 0.00 0.00 0.00 0.19 0.00 0.00
Totals 100.04 100.03 100.21 100.11 100.34 100.05 100.32 100.31 98.52 100.28 100.05 100.39 100.56
Nr. O 12 18 6 8 6 8 6 12 18 6 8 6 6
Si 2.96 5.14 5.00 1.86 2.63 1.87 3.04 1.93 2.96 5.00 1.90 2.67 1.91 1.94
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 2.05 3.83 4.00 0.22 1.35 0.16 0.93 0.05 1.92 3.95 0.16 1.32 0.14 0.09
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fet 0.03 0.02 0.00 0.06 0.02 0.10 0.02 0.10 0.15 0.04 0.04 0.02 0.03 0.03
Fe?t 2.35 0.73 0.80 1.08 0.00 1.10 0.00 1.15 2.16 0.79 1.14 0.00 1.15 114
Mn 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.02 0.03 0.00 0.03 0.03
Mg 0.41 1.15 1.20 0.77 0.00 0.73 0.00 0.76 0.52 1.19 0.73 0.00 0.73 0.76
Ca 0.09 0.00 0.00 0.00 0.37 0.04 0.00 0.01 0.09 0.00 0.00 0.34 0.00 0.01
Na 0.00 0.12 0.00 0.00 0.62 0.00 0.22 0.00 0.00 0.00 0.00 0.62 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.78 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Sum 8.00 11 11.00 4.00 4.99 4.00 66.49 4.00 8.00 11.00 4.00 4.98 4.00 4.00
Xma 0.15 0.61 0.00 0.40 0.19 0.60 0.39 0.39 0.40
y(Opx), 0.00 0.02 0.08 0.07 0.05
Xab 0.63 0.22 0.64
Xan 0.37 0.00 0.35
Xor 0.00 0.78 0.01

*Modified ideal stoichiometric cordierite
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Layer 1: Crd + Opx

Layer 2: PI

Layer 3: Opx

Layer 1: Crd + Opx

Layer 2: Pl
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Figure 5.4: SK8C gridded and contoured mineral coogitions for (a) orthopyroxene pf; and (b)
orthopyroxene c.Al/2. Numbered tags in the imagesrrespond with individual analyses in
Appendix B.
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Figure 5.5: SK8C gridded and contoured mineral coogitions for layer 1 cordierite .
Numbered tags in the images correspond with indivédlanalyses in Appendix B.
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Figure 5.6: SK12A gridded and contoured mineral cpositions for (a) orthopyroxene wg and (b)
orthopyroxene c.Al/2. Numbered tags in the imagesrrespond with individual analyses in

Appendix B.
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Figure 5.7: SK12A gridded and contoured mineral cpwositions for layer 1 cordierite .
Numbered tags in the images correspond with indivédlanalyses in Appendix B.
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Figure 5.8: SK9A gridded and contoured mineral coogitions for (a) orthopyroxene pfy and (b)
orthopyroxene c.Al/2. Numbered tags in the imagesrespond with individual analyses in Appendix
B.
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Figure 5.9: SK9A gridded and contoured mineral coogitions for layer 1 cordierite pg Numbered
tags in the images correspond with individual anags in Appendix B.
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Figure 5.10: SK9A gridded and contoured mineral cpwsitions for (a) layer 2 plagioclase,Xand (b)
layer 2 plagioclase X,. Numbered tags in the images correspond with indial analyses in Appendix
B.
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Figure 5.11: SK9B gridded and contoured mineral cpositions for (a) orthopyroxene y (b)
orthopyroxene c.Al/2. Numbered tags in the imagesrespond with individual analyses in Appendix
B.
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Figure 5.12: SK9B gridded and contoured mineral cpositions for layer 1 cordierite ;. Numbered
tags in the images correspond with individual anags in Appendix B.
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Figure 5.13: SK9B gridded and contoured mineral cpositions for (a) layer 2 plagioclase,Xand (b)
layer 2 plagioclase X,. Numbered tags in the images correspond with indiwal analyses in Appendix
B.
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Figure 5.14: SK9B gridded and contoured mineral cpositions for (a) layer 3 K-feldspar g and (b)
Layer 3 K-feldspar %,. Numbered tags in the images correspond with indiial analyses in Appendix
B.
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Figure 5.15: SK9C gridded and contoured mineral cpositions for (a) orthopyroxene g and (b)
orthopyroxene c.Al/2. Numbered tags in the imagesrespond with individual analyses in Appendix
B.
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Figure 5.16: SK9C gridded and contoured mineral cpositions for layer 1 cordierite ;. Numbered
tags in the images correspond with individual anags in Appendix B.
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Figure 5.17: SK9C gridded and contoured mineral cpositions for (a) layer 2 plagioclasexXand (b)
layer 2 plagioclase X,. Numbered tags in the images correspond with indiwal analyses in Appendix
B.
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5.2.1 Compositional variation in corona product phaes

Summary descriptive statistics for corona mine@hpositions are included in Table
5.3 and Table 5.4. The standard deviation and,|ésser extent, the range, demonstrate
compositional variability of corona product phaskeswer standard deviations imply
less compositional variation in a phase within aona and, thus, lower attendant
chemical potential gradients and greater equilibnatvithin a layer. Standard deviation
thus serves as a proxy for extent of equilibratiath within a layer and across the
corona as a whole. Standard deviations for layeortlierite Xy and orthopyroxene

Xwg andy(Opx), are plotted for all coronas in Figure 5.18.

In layer 1 symplectites (Figure 5.18), standardiaten is lowest in SK9C for Al
content andXyg in orthopyroxene anyg in cordierite. SK8C and SK12A exhibit a
tendency toward higher standard deviations compdoedSK9 coronas, but not
exclusively ¥ug standard deviation for cordierite in SK9A excedust of SK8C and
SK12A). The high standard deviation f{Opx); in SK9B is not considered significant

owing to the comparatively low sample populatior=(11).

In plagioclase layer 2 (Figure 5.19), the standidations are generally higher T8y,
compared toXa,. SK12A standard deviation is not considered repregive owing to
the low sample population (n = 4). Standard demeifor bothXa, andXan are highest
in SK8C Kap = 0.090,Xa, = 0.069) and lowest in SKOX{, = 0.011,Xa, = 0.010).
SK9B standard deviations fd, (0.022) andXa, (0.022) are both slightly higher than
for SK9A, for which bothXa, andXa, standard deviations are 0.019.

For blocky orthopyroxene (Figure 5.20), SK8C shomsarkedly higher standard
deviations forXygy (0.011) compared to all other coronas, as welbag(Opx), (0.021)
compared to all other coronas except SK9A (0.0Z®nversely, SK9C exhibits the
lowest standard deviations ¥4 (0.002)andy(Opx), (0.003). Standard deviations for
Xmg and y(Opx) in SK9B are next lowest, whereas SK9A and SKI12A ilgkh
intermediate values. The standard deviationsyf@px), are significantly larger than

Xwmyg for all phases in all layers in all coronas.
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Table 5.3: Summary statistics of mineral chemistrfor coronas SK8C, SK12A, SK9A, SK9B and SK9C.

MEAN RANGE STD DEV
SK8C SKI12A SK9A  SK9B  SK9C SK8C SKI12A SK9A  SK9B  SKO SK8C SKI12A SK9A  SK9B  SKOC

LAYER 1

CRD-OPX SYMPLECTITE

X Crd 0.742 0680  0.601 0613  0.602 0072 0060 0102 0480. 0.025 0.019 0016 0023 0014  0.008

Xuig OPX 0557 0475  0.401 0418  0.390 0062 0070  0.059 0320. 0.034 0.018 0017 0017 0.009  0.008

Y(OpX): 0.188  0.135  0.094 0112  0.078 0106 0131  0.095 129. 0.034 0.039 0036 0022 0041  0.009

LAYER 2 PLAGIOCLASE

Xap P 0.707 0595  0.653 0627  0.636 0266  0.030  0.060 0740. 0.033 0.090 0013 0019 0022 0011

Xan P 0.265 0400 0.336 0370  0.354 0202 0030  0.060 0810. 0.031 0.069 0014 0019 0022  0.010

LAYER 2

ORTHOPYROXENE

Xuig OPX 0.400  0.389 0.041  0.010 0.018  0.004

Y(OpX): 0.078  0.068 0.026  0.004 0.011  0.002

BLOCKY

ORTHOPYROXENE

Xug OPX 0529 0465  0.405 0398  0.399 0039 0030 0.022 0170. 0.006 0.011 0008 0007 0005  0.002

y(Opx): 0.034 0028 0.042 0023  0.047 0122 0056  0.087 0280. 0.011 0.021 0018 0024 0008  0.003

ALL ORTHOPYROXENE

Xuig OPX 0542 0471  0.402 0405  0.393 0.066  0.070  0.060 0500. 0.034 0.020 0014 0015 0014  0.008

Y(OpX): 0.106  0.087 0.076 0061  0.066 0236 0196  0.134 1860. 0.049 0.085 0061 0033 0048 0.016
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Table 5.4;: Number of analytical points for each phse in all corona

SK8C SK12A SK9A SK9B SK9C
Layer 1: cordierite 25 28 43 24 21
Layer 1: orthopyroxene 8 17 32 11 19
Layer 2: plagioclase 7 4 9 10 9
Layer 2: orthopyroxene - - - 4 5
Layer 3: K-feldspar - - - 5 -
Blocky orthopyroxene 9 14 16 17 12

Layer 1: Cordierite-orthopyroxene symplectite
Standard deviation: X, and y(Opx),
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Figure 5.18: Xuq (cordierite and orthopyroxene) and y(Or, standard deviations for layer
cordierite-orthopyroxene symplectit
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Layer 2: Plagioclase symplectite

Standard deviation: X, X,
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Figure 5.19: X\, and X5, standard deviations for layer 2 plagioclase.
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Figure 5.20: Xy andy(Opx;; standard deviations folayer 3 blocky orthopyroxer.
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The standard deviation for all corona orthopyroxeree, analyses for symplectite
and blocky orthopyroxene combined (Figure 5.21), nmre diagnostic of

equilibration in the corona as a whole. OrthopyrexXy, standard deviation in

SK8C (0.020) far exceeds SK12A (0.014), SK9B (0)GrH SK9A (0.015). Lowest

Xug standard deviation is in SK9C (0.008). With resgecAl content, the order of

increasing standard deviationsyf©px) is: SK8C (0.085) > SK12A (0.061) > SK9B
(0.048) > SK9A (0.033) > SK9C (0.016). If standateviation serves as a valid
proxy for extent of equilibration, then the orddrincreasing equilibration is as
follows: SKBC— SK12A — SK9B — SK9A — SK9C.

Corona orthopyroxene
Standard deviation: Xy, y(Opx),
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0.080
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Figure 5.21: Xy and y(Opx) standard deviations for orthopyroxene across alyérs in the
coronas.

Variation in composition of cordierite and orthopyene is compared with variation
observed in coronas reviewed in the literature igufe 5.22. Comparable

magnitudes ofXyg variation are observed in the Vredefort corondstive to
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reviewed coronas (Figure 5.22a). Inconsistenchémhanner in which Al content in
orthopyroxene is formulated in the latter (see @ra@, Section 3.7), prevents
comparison of the Vredefort coronas with a repreg®a@ population in the
literature (Figure 5.22b). Asymmetric zonation ihape compositions across the
coronas supports a single-stage, steady-stateisdiff-controlled origin for corona
development during post-shock metamorphism in tiegrSkraal traverse (Chapter
3, Section 3.4).
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Figure 5.22: Comparison of zonation in (a) w§ for cordierite and orthopyroxene and (b) Al
content in orthopyroxene for Vredefort coronas madléel and coronas reviewed in the literature.
Zonation in cordierite and orthopyroxene y§ for the Vredefort coronas is comparable with that
documented for prograde and retrograde coronas frahe literature. Only two coronas in the
literature formulated Al content in the same manneas this study, negating representative
comparison.
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5.2.2 Evidence for open-system behaviour in coronphase compositions —

implications for calculation of the overall coronareaction

Conservation of components during corona reactes important implications for
the method used in determining the overall cor@aation. If the system is closed to
all components, then the overall reaction is uriguwefined if the number of
components is one less than the number of mineBalne authors (e.g., Nishiyama,
1983) combined components together (e.g., FeO + )MgQ@reventing the system
from being underdetermined. The solution derivedHte overall reaction, assuming
a closed system, should produce the corona pradirstrals in the proportions in
which they are observed. Predicted corona produepgstions are commonly
inconsistent with measured modes, negating clogstg®m behaviour (Ashworth
and Sheplev, 1997). An alternative approach wagtaddoy other workers (Joesten
and Fisher, 1988; Ashworth and Birdi, 1990; Johnand Carlson, 1990; Carlson
and Johnson, 1991) in which the measured propartadrihe phases were used to
reconstruct the overall reaction in an open systemth boundary fluxes
accommodating metasomatic exchange with the suilingnrock. To ensure the
system is not underdetermined, the reaction coeffidor one of the reactants was
arbitrarily assigned as 1. Calculation requires om@re constraint for a unique
solution for the overall reaction. Carlson and Jum (1991) used a constant-
volume constraint to establish the proportionseaictant minerals consumed. In the
case of Ashworth and Birdi (1990), closure of tlystem to Al and Si enabled
reconstruction of the overall reaction without meyito assume the original

proportions in which the two reactants were consiime

Before deciding if constant volume or closure fdroA Si is to be used as a valid
constraint for unique solution of the overall réact the extent of open-system
exchange of these components with the surroundatgxmust be assessed. Isocon
plots allow the quantification of mobility or immiiby of components within the
corona (Grant, 1986) and a test of open- or claystem behaviour (Figure 5.23).
The line of equality in the graph indicates constAh and Si in reactant and
products. Conservation of Al and Si can only odattine product is a symplectite in
which product proportions can vary in such a maninat their combined Al/Si ratio
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reflects that of the contiguousreactant. Unless a monomineralic product t

fortuitously has the same Al/Si ratio as the reaictidne presence of a monominer:

band adjacent to the aluminous reactant is indieatf oper-system behaviour fc
Al and Si (Ashwaeth andBirdi, 1990). If a symplectite inherits the Al/Sitio of the

reactant, i.e., clusters close to or near to the bf equality in the isocon plc

Ashworth and Birdi (1990) inferred that Al and Seme conserved in reactic

(Figure 5.23).
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Figure 5.23: Isocon plot of Al/Si ratios in analysedrmaplectites from this study compared w
symplectites reported by Ashworand Birdi (1990). Symplectite mineralogy is indicated italics
below each data point. Departure from the equalitye impliesmetasomatic exchange of Al and
with the surrounding matrix. Since the coronas irhis study plot off the equality line, th
assumption of constant Al and Si could not be maideconstructing a unique solution for th
overall corona reaction.
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The symplectites from SK8C, SK12A, SK9A and SK9@tphbove the line of
equality (Figure 5.23) and, like the majority ofngylectites reviewed in the
literature, appear to have either lost Al relativeSi from the system or gained Si
relative to Al during reaction (Figure 5.23). Innt@ast, SK9B plots under the
equality line (Figure 5.23), indicative of a netirg of Al or loss of Si into the
system though metasomatic exchange with the emglasatrix. This is consistent
with high modes of K-feldspar and plagioclase ie ttorona assemblage, not
accommodated in the pure garnet-quartz corona dmtkposition. The failure to
conserve Al and Si in the stoichiometric proporsiaf the reactant (particularly in
SK12A and SK9B) suggests a critical departure fobmsed-system behaviour in the
systems under investigation, and negates the assumyd closure to Al and Si in
defining the overall corona reaction. The evidefaceopen-system behaviour for Al
and Si requires that the constant-volume consteadopted by Carlson and Johnson

(1991) be used to determine the overall reactioitisiometry.

5.3  Open-system diffusion modelling

Open-system diffusion models for SK8C, SK12A, SK®BK9B and SK9C are
presented in Tables 5.5-5.9. The overall reactmmefach corona was calculated
using measured phase ratios from image analysigIATLAB and the average
phase compositions in each layer based on the atnablume approximation
(Carlson and Johnson, 1991, Chapter 3) with thgirai reactant interface at the
contact between the blocky orthopyroxene and theeddiately contiguous feldspar-
bearing layer. Open-system behaviour was accommddhtough the introduction
of ‘imaginary’ or artificial phases Metand Met (Ashworth and Birdi, 1990;
Ashworth and Sheplev, 1997; Ashworth et al., 1998hich represent the
metasomatic fluxes of components in and out ofsystem. Met is located at the
garnet boundary of the corona and Mest located at the quartz boundary. The
stoichiometry of these imaginary phases repredéetsatios in which components
are either lost or gained by the system. Componaotgelled include Sig) AlOz,,
FeO, FeQ@; MgO, MnO, Ca0, Nag, and KQ/. They are abbreviated as Si, Al,
Fe*, F€*, Mg, Mn, Ca, Na and K. The component(His not considered in
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modelling. This component is considered perfectlgbite, in agreement with
Ashworth and Sheplev (1997).

Models presented are those where the ratio of giemtlimodel layer widths most
closely approaches the measured layer widths faetaof phenomenological
coefficients for diffusion (L-ratios), which satysthe stability criterion (Ashworth et
and Sheplev, 1997; Appendix A). The MATLAB code dise iterative solution of
simultaneous equations governing component flugngbal potential gradients and
reaction coefficients between layers is includedAppendix A. Optimally stable
models reported are those in which the relativéeghces in phenomenological
coefficients for all components, required to geteethffusionally stable solutions, is
minimized. Reaction coefficients for each phaseections at layer boundaries are
also included in Tables 5.5-5.9. A negative reactoefficient indicates growth of
the phase and a positive reaction coefficient etgis consumption of that phase.
The component fluxes and chemical potential gradidor each component are
reported and used to determine model gradientsilibsGfree energy for phases
across each layer. The overall reaction affindly dach corona is computed from
individual component fluxes and chemical potentjeddients. The deviation of a
model reaction affinity from zero is a measure lod £xtent of equilibration, i.e.,
larger magnitudes of reaction affinity indicate ajer scales of disequilibrium. Non-
equilibrium thermobarometry based on end-membectigga affinities across the
coronas has been undertaken to constrain prevdtifigconditions during corona
growth.
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Table 5.5: Modelling results for corona SK8C

N matrix (n;_phase compositions, 24-oxygen mole basis)

[ Grt Crd Opx%; P Opx Qtz Met Met,

Si 6.002 6.667 7.274 8.400 7.882 12.000 0.000 -34.660
Al 4.088 5.333 1.504 3.375 0.271 0.000 -0.882 0.000
Fe¥t 0.000 0.000 0.024 0.234 0.013 0.000 0.000 0.063
Fet 4.054 0.644 3.089 0.000 3.659 0.000 0.000 2.273
Mn 0.128 0.000 0.022 0.000 0.030 0.000 -0.080 0.000
Mg 1.538 2.027 3.880 0.000 4.105 0.000 0.000 6.140
Ca 0.142 0.000 0.078 0.663 0.017 0.000 0.013 0.000
Na 0.000 0.000 0.000 2.190 0.000 0.000 0.344 0.000
K 0.000 0.000 0.000 0.051 0.000 0.000 0.008 0.000

Measured Proportion of product phases (counts)

Crd OpXs; PI OpX,
0.3791 0.1104 0.0758 0.4347

Overall Reaction
1Grt + 3.80Qtz+ 0.06 Fe@; + 2.27 FeO + 6.14 MgO + 0.01 CaO + 0.34 Na® 0.01 KQ/; = 34.66 SiQ + 0.88 AlG;; + 0.08 MnO + 0.3¥rd + 0.350pxXs; + 0.16PIg + 1.370px,

L-ratios (phenomenological coefficients) Coefficients of phases at boundaries 1V, at boundary g (mol phase/mol reaction progress)
Lgisi/ L 5.8 Lsisi/Lygug ~ 0.52 Boundary Crd Opx; Pl Opx,
Lgisi/ Lpes+pes+ 1 Lsisi/Lcaca 0.6 1 -0.4672 -0.4305
Lgisi/ Lpez+pez+ 0.45 Lsisi/Lnana 0.6 2 0.1340 0.0782 -0.2026
Lisi/ Lynun 1 Lgisi/Lkk 1 3 0.0462 -0.0424
4 -1.3305
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Table 5.5 continued: Modelling Results for corona K8C

Molar amounts of minerals in layer r (mol/mol reacion progress)

Layer Crd OpXs; Pl Opx,
1 0.3332 0.3523

2 0.1564

3 1.3729

Model layer thicknesses, hr* (1¢m®mol reaction progress)

Thickness Layer 1 Layer 2 Layer 3
hr* 1.01 0.16 0.90
ratio 1.13 0.17 1.00

Model fluxes in layers 1 to 3 (mol/mol reaction prgress)

Layer Si Al Fe* Fe*

1 -0.2446 0.0668 -0.0103 2.4232
2 -0.4841 0.2154 -0.0559 2.7512
3 -0.4304 0.3598 -0.0456 2.5959
Matrix: Jqt

Molar volumes of phases (16m*mol™)

crd Opx; PI
2.3457 0.6465 0.9993

Observed layer widths (um)

Width Layer 1 ayer 2
measured 63 11
ratio 1.09 0.19
Mn Mg Ca
0.0385 -1.0795
0.0402 -0.5043
0.0390 -0.6786

Model chemical potential gradients for componentsn layers 1 to 3 (mol/mol reaction progress)

Layer Si Al Fe* Fe?*

1 0.2446 -0.3875 0.0103 -1.0904
2 0.4841 -1.2491 0.0559 -1.2380
3 0.4304 -2.0870 0.0456 -1.1681
Matrix: Cpt

Mn Mg Ca
-0.0385 0.5614
-0.0402 0.2623
-0.0390 0.3529

Opx,
0.6529

Layer 3

58

1.00

0.1214
-@006
0.0231

-®@072
0.0041
-®013

Na
0.3420

-0.1017
-0.0005

Na
-0.2052

0.0610
0.0003

0.0080
-0.0023
0.0000

-0.0080
0.0023
0.0000
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Table 5.5 continued: Modelling Results for corona K8C

Model Free Energy gradients for phases in layers tb 3 (moF component/[(mol mineral).(mol reaction progress)])

Layer Grt Crd Opx; PI OpX% Qtz

1 -3.6884 0.0000 0.0000 0.2514 0.1353 2.9355
2 -6.8211 -3.6998 -1.1636 0.0000 0.0230 5.8086
3 -10.1490 -8.2979 -2.2486 -3.4265 0.0000 5.1645

Matrix: Gfkgrd

Model Free Enerqgy differences for phases across less 1 to 3 (mimol? component/[(mol mineral).(mof reaction progress)])

Layer Grt Crd Opx; PI OpX% Qtz

1 -3.7230E-04 0.0000 0.0000 2.5374E-05 1.3657E-05 6308-04

2 -1.0660E-04 -5.7819E-05 -1.8184E-05 0.0000 3.5887E- 9.0773E-05
3 -9.0970E-04 -7.4381E-04 -2.0156E-04 -3.0714E-04 0@o 4.6293E-04

Matrix: Gfkdiff

Model Free Enerqy differences of phases at boundary from those at boundary where phase is present (st be<0 for stability)

Boundary Grt Crd Opx; Pl Opx% Qtz

1 0.0000 0.0000 0.0000 -2.5374E-05 -1.4015E-05 -850

2 -3.7230E-04 0.0000 0.0000 0.0000 -3.5800E-07 -3 5374

3 -4.7889E-04 -5.7819E-05 -1.8184E-05 0.0000 0.0000 4.6293E-04

4 -1.3886E-03 -8.0163E-04 -2.1974E-04 -3.0714E-04 0@no 0.0000

For calculation of model affinity -AG (m°mol? component/mof reaction progress)

Layer Si Al Fe®* Fe®* Mn Mg Ca

1 6.0405E-06 2.6132E-06 1.0777E-08 2.6670E-04 1.498BE 6.1166E-05 8.9285E-07
2 3.6616E-06 4.2039E-06 4.8775E-08 5.3227E-05 2.530BE 2.0669E-06 4.3534E-10
3 1.6603E-05 6.7315E-05 1.8643E-07 2.7181E-04 1.3607E 2.1462E-05 2.8715E-08

Met Met,
0.2737 7.5096
1.1258 -17.9770
3884 -15.4020
Met Met,
2.7623E-05 -7.5800E-04
1.7594E-05 -2.8093E-04
1.6527E-04 -1.3806E-03
Na K
7.0836E-06 6.4600E-09
9.7037E-08 8.5088E-11
1.4320E-11 4.9925E-14

Reaction Affinity (m>mol™?)

Total
467 E-04

33.8-05
TBE-04

0.0007855
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Table 5.6: Modelling Results for corona SK12A

N matrix (n;_phase compositions, 24-oxygen mole basis)

[ Grt Crd Opx%; Pl Opx Qtz Met Met,

Si 5.962 6.667 7.360 7.799 7.685 12.000 0.000 -35.951
Al 4.085 5.333 1.078 4.010 0.227 0.000 -1.118 0.000
Fe¥t 0.016 0.000 0.262 0.157 0.402 0.000 0.000 0.679
Fet 4.290 0.880 3.818 0.000 4.099 0.000 0.000 3.432
Mn 0.089 0.000 0.000 0.000 0.000 0.000 -0.089 0.000
Mg 1.367 1.787 3.439 0.000 3.561 0.000 0.000 5.733
Ca 0.182 0.000 0.014 1.222 0.026 0.000 -0.014 0.000
Na 0.000 0.000 0.000 1.833 0.000 0.000 0.188 0.000
K 0.000 0.000 0.000 0.028 0.000 0.000 0.003 0.000

Measured Proportion of product phases (counts)

Crd OpXs; PI OpX,
0.3726 0.1358 0.0495 0.4421

Overall Reaction
1 Grt + 3.920Qtz+0.68 FeQ, +3.43 FeO +5.73 MgO + 0.19 Ng©+ 0.003 KQ,;= 35.95 SiQ + 1.12 AlQy; + 0.09 MnO + 0.01 CaO + 0.3d + 0.430pxs; + 0.10PI + 1.410px,

L-ratios (phenomenological coefficients) Coefficients of phases at boundaries 1-¥;; at boundary g (mol phase/mol reaction progress)
Lsisi/Laia 3.5 Lsisi/Lugng 0.45 Boundary Crd Opx; PI Opx,
Lsisi/Lpes+pes+ 1 Lgisi/Lcaca 0.55 1 -0.4435 -0.4521
Lgisi/Lpoz+poer  0.42 Lsisi/Lyana 0.55 2 0.1118 0.0185 -0.1244
Lsisi/ Lynan 1 Lgisi/Lkx 1 3 0.0220 -0.0175
4 -1.3912
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Table 5.6 continued: Modelling Results for corona §12A

Molar amounts of minerals in layer r (mol/mol reacion progress)

Layer Crd OpXs; Pl Opx,
1 0.3317 0.4336

2 0.1023

3 1.4087

Model layer thicknesses, hr* (1dm%mol reaction progress)

Thickness Layer 1 Layer 2 Layer 3
hr* 1.06 0.10 0.92
ratio 1.15 0.11 1.00

Model fluxes in layers 1 to 3 (mol/mol reaction prgress)

Layer Si Al Fe* Fe?

1 -0.3226 0.1144 -0.1025 2.1734
2 -0.4107 0.2319 -0.1171 2.3426
3 -0.3728 0.3164 -0.1207 2.2710
Matrix: Jqt

Molar volumes of phases (16m*mol™)

crd Opx; PI
2.3492 0.6549 1.0109

Observed layer widths (um)

Width Layer 1 ayer 2
measured 120 12
ratio 1.14 0.11
Mn Mg Ca
0.0000 -0.9805
0.0000 -0.7169
0.0000 -0.7791

Model chemical potential gradients for componentsn layers 1 to 3 (mol/mol reaction progress)

Layer Si Al Fe* Fe?*

1 0.3226 -0.4005 0.1025 -0.9129
2 0.4107 -0.8117 0.1171 -0.9839
3 0.3728 -1.1075 0.1207 -0.9538
Matrix: Cpt

Mn Mg Ca
0.0000 0.4412
0.0000 0.3226
0.0000 0.3506

Opx,

0.6564

Layer 3

105
1.00

0.1617
0.0100
0.0365

-0.0889
-0.0055
-0.0201

Na
0.1880

-0.0400
0.0005

Na
-0.1034

0.0220
-0.0003

0.0030
-0.0005
0.0001

-0.0030
0.0005
-0.0001
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Table 5.6 continued: Modelling Results for corona §12A

Model Free Energy gradients for phases in layers tb 3 (moF component/[(mol mineral).(mol reaction progress)])

Layer Grt Crd Opx; Pl OpX% Qtz

1 -3.0403 0.0000 0.0000 0.6276 0.2562 3.8707

2 -4.6463 -1.8801 -0.4689 0.0000 0.1345 4.9281

3 -5.9162 -3.6340 -0.8551 -1.5400 0.0000 4.4733

Matrix: Gfkgrd

Model Free Energy differences for phases across less 1 to 3 (mfmol? component/[(mol mineral).(mof reaction progress)))
Layer Grt Crd Opx; Pl OpX% Qtz

1 -3.2324E-04 0.0000 0.0000 6.6730E-05 2.7241E-05 154E-04

2 -4.8043E-05 -1.9440E-05 -4.8484E-06 0.0000 1.306E- 5.0957E-05

3 -5.4707E-04 -3.3604E-04 -7.9067E-05 -1.4240E-04 0@0 4.1364E-04

Matrix: Gfkdiff

Model Free Enerqgy differences of phases at boundary from those at boundary where phase is present (st be<0 for stability)
Boundary Grt Crd Opx; Pl OpX Qtz

1 0.0000 0.0000 0.0000 -6.6730E-05 -2.8632E-05 -8iFen4

2 -3.2324E-04 0.0000 0.0000 0.0000 -1.3910E-06 -DBABA

3 -3.7129E-04 -1.9440E-05 -4.8484E-06 0.0000 0.0000 4.1365E-04

4 -9.1836E-04 -3.5548E-04 -8.3915E-05 -1.4240E-04 0@O0 0.0000

For calculation of model affinity -AG (m®mol? component/mof reaction progress)

Layer Si Al Fe* Fe?* Mn Mg Ca

1 1.1025E-05 4.8555E-06 1.1125E-06 2.1024E-04 0.0600E 4.5839E-05 1.5233E-06
2 1.7388E-06 1.9407E-06 1.4144E-07 2.3762E-05 0.0600E 2.3843E-06 5.6173E-10
3 1.2806E-05 3.2298E-05 1.3422E-06 1.9963E-04 0.0600E 2.5172E-05 6.7400E-08

Met
0.4295

0.9117
%238

Met
4.5665E-05

9.4268E-06
1.1452E-04

Na
2.0599E-06

9.0566E-09
1.1879E-11

Met,
12.1300

-16.2120
-14.5830

Met,
-1.2897E-03

-1.6763E-04
-1.3485E-03

K
9.5371E-10

2.3978E-12
1.6946E-12

Reaction Affinity (m3mol ™)

Total
66BE-04

9728-05
132E-04

0.0005780
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Table 5.7: Modelling Results for corona SK9A

N matrix (n;_phase compositions, 24-oxygen mole basis)

[ Grt Crd Op; Pl Opx, Qtz Met Met,

Si 5.945 6.667 7.474 7.987 7.603 12.000 0.000 -53.135
Al 4.090 5.333 0.749 3.799 0.336 0.000 -0.805 0.000
Fe¥t 0.033 0.000 0.303 0.163 0.459 0.000 0.000 1.009
Fet 4.675 1.080 4.470 0.000 4.514 0.000 0.000 6.218
Mn 0.201 0.000 0.000 0.000 0.000 0.000 -0.201 0.000
Mg 0.883 1.587 2.987 0.000 3.068 0.000 0.000 6.818
Ca 0.168 0.000 0.017 1.050 0.021 0.000 0.000 0.000
Na 0.000 0.000 0.000 2.029 0.000 0.000 0.233 0.000
K 0.000 0.000 0.000 0.035 0.000 0.000 0.004 0.000

Measured Proportion of product phases (counts)

Crd OpX: PI Opx,
0.3421 0.0770 0.0464 0.5344

Overall Reaction
1Grt +5.68Qtz+ 1.01 Fe@; + 6.22 FeO + 6.82 MgO + 0.23 Ng©+ 0.004 KQ,,= 53.14 SiQ + 0.81 AIG;, + 0.20 MnO + 0.3Trd + 0.290pxs+ 0.11PI + 2.040px,

L-ratios (phenomenological coefficients) Coefficients of phases at boundaries 1-¥;; at boundary g (mol phase/mol reaction progress)
Lsisi/Laiat 1 Lsisi/Lugng 0.12 Boundary Crd Opx; PI Opx,
Lgisi/Lpestpes+ 1 Lsisi/Lcaca 0.4 1 -0.5451 -0.3255
Lgisi/ Lpez+pez+ 0.1 Lsisi/Lnana 04 2 0.1800 0.0332 -0.1878
Lisi/ Lynun 1 Lgisi/Lix 1 3 0.0737 -0.0732
4 -1.9635
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Table 5.7 continued: Modelling Results for corona K9A

Molar amounts of minerals in layer r (mol/mol reacion progress)

Layer Crd OpXs; Pl Opx,
1 0.3651 0.2923

2 0.1141

3 2.0367

Model layer thicknesses, hr* (1¢m®mol reaction progress)

Thickness Layer 1 Layer 2 Layer 3
hr* 1.05 0.12 1.34
ratio 0.78 0.09 1.00

Model fluxes in layers 1 to 3 (mol/mol reaction prgress)

Layer Si Al Fe* Fe®*

1 -0.1225 0.1339 -0.0656 2.6311
2 -0.1741 0.4054 -0.0862 2.9741
3 -0.1413 0.6609 -0.1077 2.6439
Matrix: Jqt

Molar volumes of phases (16m®mol™Y)

Crd OpX;
2.3521 0.6614

PI
1.0206

Observed layer widths (um)

Width Layer 1

measured 40
ratio 0.80

Mn
0.0000

0.0000
0.0000

Model chemical potential gradients for componentsn layers 1 to 3 (mol/mol reaction progress)

Layer Si Al Fe®* Fe*

1 0.1225 -0.1339 0.0656 -0.2631
2 0.1741 -0.4054 0.0862 -0.2974
3 0.1413 -0.6609 0.1077 -0.2644
Matrix: Cpt

Mn
0.0000

0.0000
0.0000

Mg

Mg

ayer 2

0.10

-0.9545
-0.5695
-0.7940

0.1145
0.0683
0.0953

Ca

Ca

Opx,

0.6586

Layer 3

50

1.00

0.1615
-@2035
0.0407

-0.0646
0.0141
-0.0163

Na
0.2320

-0.1491
0.0005

Na
-0.0928

0.0597
-0.0002

0.0040
-0.0026
0.0000

-0.0040
0.0026
0.0000
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Table 5.7 continued: Modelling Results for corona K9A

Model Free Energy gradients for phases in layers tb 4 (moF component/[(mol mineral).(mol reaction progress)])

Layer Grt Crd Opx; PI OpX% Qtz

1 -0.9572 0.0000 0.0000 0.2240 0.0788 1.4699

2 -1.9482 -1.2143 -0.1018 0.0000 0.0941 2.0886

3 -3.0144 -2.7173 -0.3040 -1.3825 0.0000 1.6953

Matrix: Gfkgrd

Model Free Energy differences for phases across less 1 to 3 (mfmol? component/[(mol mineral).(mof reaction progress)))
Layer Grt Crd Opx; PI OpX% Qtz

1 -1.0070E-04 0.0000 0.0000 2.3564E-05 8.2900E-06 46U5-04

2 -2.2684E-05 -1.4139E-05 -1.1847E-06 0.0000 1.098&E- 2.4319E-05

3 -4.0436E-04 -3.6449E-04 -4.0781E-05 -1.8544E-04 0@0 2.2741E-04

Matrix: Gfkdiff

Model Free Enerqgy differences of phases at boundary from those at boundary where phase is present (st be<0 for stability)
Boundary Grt Crd Opx; Pl Opx Qtz

1 0.0000 0.0000 0.0000 -2.3564E-05 -9.3854E-06 -4 BeH

2 -1.0070E-04 0.0000 0.0000 0.0000 -1.0954E-06 -BE104

3 -1.2338E-04 -1.4139E-05 -1.1847E-06 0.0000 0.0000 2.2741E-04

4 -5.2774E-04 -3.7863E-04 -4.1966E-05 -1.8544E-04 0@0 0.0000

For calculation of model affinity -AG (m°mol? component/mof reaction progress)

Layer Si Al Fe®* Fe?* Mn Mg Ca

1 1.5785E-06 1.8871E-06 4.5324E-07 7.2831E-05 0.0600E 1.1502E-05 1.0972E-06
2 3.5273E-07 1.9136E-06 8.6489E-08 1.0299E-05 0.0600E 4.5320E-07 5.7710E-09
3 2.6774E-06 5.8598E-05 1.5571E-06 9.3766E-05 0.0600E 1.0147E-05 8.8837E-08

Met Met,
0.0863 7.2975
0.3402 -10.5440
@532 -8.3924
Met Met,
9.0830E-06 -7.6774E-04
3.9609E-06 -1.2278E-04
7.1366E-05 -1.1258E-03
Na K
2.2650E-06 1.6833E-09
1.0358E-07 7.7170E-11
1.2941E-11 5.6674E-15

Reaction Affinity (m3mol ™)

Total
61BE-05

216B-05
68BE-04

0.0002717

330



Table 5.8: Modelling Results for corona SK9B

N matrix (n;_phase compositions, 24-oxygen mole basis)

i Grt Crd Opxs; PI Opxs; Ksp Opx Qtz Met Met,
Si 5.920 6.667 7.437 7.900 7.490 9.123 7.729 12.00 000.0 -62.402
Al 4.102 5.333 0.898 4.037 0.622 2.786 0.188 0.00 340.5 0.000
Fe3+ 0.058 0.000 0.245 0.069 0.401 0.049 0.380 0.00 00.00 0.912
Fe2+ 4.700 1.067 4.301 0.000 4.404 0.000 4.617 0.00 00.00 6.972
Mn 0.220 0.000 0.000 0.000 0.000 0.000 0.000 0.00 2.2 0.000
Mg 0.814 1.600 3.093 0.000 2.925 0.000 3.052 0.00 01.00 6.130
Ca 0.186 0.000 0.015 1.101 0.156 0.004 0.021 0.00 10.22 0.000
Na 0.000 0.000 0.000 1.863 0.000 0.647 0.000 0.00 40.69 0.000
K 0.000 0.000 0.000 0.007 0.000 2.352 0.000 0.00 30.38 0.000
Measured Proportion of product phases (counts)

Crd OpXs; PI Opxs; Ksp Opx

0.2161 0.0161 0.1163 0.0108 0.0632 0.5775

Overall Reaction

1 Grt + 6.77Qtz+ 0.91 Fe@, + 6.97 FeO + 6.13 MgO + 0.22 CaO + 0.69 Na® 0.38 KQ,,= 62.40 SiQ + 0.53 AlQy, + 0.22 MnO + 0.2%rd + 0.0010pXs;+ 0.32 Pl + 0.050pXs;
+ 0.16Ksp+ 2.430px,

L-ratios (phenomenological coefficients) Coefficients of phases at boundaries 1-&;, at boundary g (mol phase/mol reaction progress)

Lsisi/Laa 15 Lsisi/Lugmg 0.08 Boundary Crd Opx; PI Opxs; Ksp Opx
Lgisi/Lpestpest 1 Lsisi/Lcaca 0.20 1 -0.6140 -0.2586
Lgisi/Lpe2+pe2+  0.05 Lisi/Lyana 0.20 2 0.3598 0.2573 -0.4698 -0.0918
Lsisi/ Lunmn 1 Lsisi/Lkk 0.15 3 0.1536 0.0467 -0.1724
4 0.0106 -0.0108
5 -2.4143
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Table 5.8 continued: Modelling Results for corona K9B

Molar amounts of minerals in layer r (mol/mol reacion progress) Molar volumes of phases (18m>mol ™)

Layer Crd Opxs; PI Opxs; Ksp Opx Crd Opx; P OpXs: Ksp Opx

1 0.2543 0.0013 2.3519 0.6596 1.0178 0.6619 1.0807 0.6589
2 0.3162 0.0451

3 0.1618

4 2.4251

Model layer thicknesses, hr* (1¢m®mol reaction progress) Observed layer widths (um)

Thickness Layer 1 Layer 2 Layer 3 Layer 4 Width Ve 1 Layer 2 Layer 3 Layer 4

hr* 0.60 0.35 0.17 1.60 measured 40 20 15 100

ratio 0.37 0.22 011 1.00 ratio 0.40 0.20 0.15 1.00

Model fluxes in layers 1 to 4 (mol/mol reaction prgress)

Layer Si Al Fe¥* Fe®* Mn Mg Ca Na K

1 -0.0968 0.0606 -0.0054 2.9327 0.0000 0.0318 0.4027 0.6937 0.3829
2 -0.1844 0.2563 -0.0116 4.0188 0.0000 1.1346 -0.1250 -0.1817 0.3796
3 -0.1938 0.4253 0.0093 4.2245 0.0000 1.2712 0.0507 0.0070 -0.0249
4 -0.1806 0.4528 0.0057 4.1745 0.0000 1.2381 0.0506 0.0001 0.0001
Matrix: Jqt

Model chemical potential gradients for componentsni layers 1 to 4 (mol/mol reaction progress)

Layer Si Al Fe¥* Fe®* Mn Mg Ca Na K

1 0.0968 -0.0909 0.0054 -0.1466 0.0000 -0.0025 -G080 -0.1387 -0.0574
2 0.1844 -0.3845 0.0116 -0.2009 0.0000 -0.0908 0.0250 0.0363 -0.0569
3 0.1938 -0.6379 -0.0093 -0.2112 0.0000 -0.1017 @o1 0.0014 0.0037
4 0.1806 -0.6792 -0.0057 -0.2087 0.0000 -0.0991 @o1 0.0000 0.0000
Matrix: Cpt
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Table 5.8 continued: Modelling Results for corona K9B

Model Free Energy gradients for phases in layers tb 4 (mof component/[(mol mineral).(mol reaction progress)])

Layer
1

2
3
4

Grt
-0.5058
-1.4987
-2.5474
-2.7807

Crd
0.0000
-1.1809
-2.4980
-2.7992

Opx;
0.0000

-0.1158
-0.3570
-0.4723

PI

0.0506
0.0000
-1.0534
-1.3265

Opxs;
0.0050

0.0000
-0.1782
-0.2824

Ksp
0.4051
0.5012
0.0000
-0.2448

Opx
0.0469

0.1530
8608
0@o

Model Free Enerqy differences for phases across less 1 to 4 (mimol? component/[(mol mineral).(mof reaction progress)])

Layer
1

2
3
4

Grt
-3.0290E-05
-5.2706E-05
-4.4546E-05
-4.0702E-04

Crd
0.0000
-4.1531E-05
-4.3683E-05
-3.9913E-04

Opx;
0.0000

-4.0717E-06
-6.2429E-06
-5.7043E-05

Pl

3.0308E-06

0.0000
-1.8421E-05
-1.6832E-04

Opxs:
3.0149E-07
0.0000

1186E-06
8427E-05

Ksp
26DE-05
.7626E-05
0.0000
0.0000

Opx

2.8059E-06

5.3809E-06
1.5495E-06
1.4158E-05

Model Free Energy differences of phases at boundaiy from those at boundary where phase is present (st be<0 for stability)

Boundary
1

a b~ wWN

Grt

0.0000
-3.0290E-05
-8.2996E-05
-1.2754E-04
-5.3457E-04

Crd

0.0000
0.0000
-4.1531E-05
-8.5214E-05
-4.8435E-04

Opx;
0.0000

0.0000
0.0000

-1.0315E-05
-6.7357E-05

For calculation of model affinity -AG (m°mol?> component/mof reaction progress)

Layer
1

2
3
4

Si

5.6148E-07
1.1957E-06
6.5679E-07
5.2132E-06

Al
3.3024E-07
3.4664E-06
4.7440E-06
4.9142E-05

Fe*
1.7143E-09
4.6916E-09
1.5223E-09
5.2593E-09

F

€

Ksp
-BESEH
-1.7626E-05 -
0.0000 -

0.0000

0.0000

PI Opxs;
-3.0308E-06 -3.0149E-07
0.0000 0.0000
0.0000 0.0000
-1.8421E-05 11437E-06
-1.8674E-04 15F3E-05
2 Mn Mg
2.5753E-05 0.0600E 4.8347E-09
2.8400E-05 0.0600E 3.6218E-06
1.5604E-05 0.0600E 2.2605E-06
1.3922E-04 0.0600E 1.9595E-05

Ca
1.9428E-06
1.0992E-07
9.0041E-09
8.1673E-08

Qtz
.1619

2.2126
2.3256
2.1675

Qtz
6.9586E-05
7.7816E-05

4.0668E-05
3.7159E-04

Opx
-2.3894E-05

6.9303E-06

1.5494E-06
0.0000
0.0000

Na
5.7631E-06
2.3209E-07
1.7003E-10
3.5366E-13

Met

-0.0899
0.1237
0.2394
0.2618

Met
-5.3852E-06
4.3491E-06

4.1866E-06
3.8254E-05

Qtz
-5.5966E-04

-4.9007E-04

-4.1226E-04
-3.7159E-04
0.0000

1.3167E-06
7.6000E-07
1.6239E-09
1.6511E-13

Reaction Affinity (m3mol™)

Met,
-7.0753
-13.4530
-14.1980
-13.3390

Met,
-4.2308E-
-4.731BE

.4828E-04
.2685E-03

Total
6735-05
TAE-05
2728-05
32BE-04

0.0003100
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Table 5.9: Modelling Results for corona SK9C

N matrix (n;_phase compositions, 24-oxygen mole basis)

i Grt Crd Opxs; PI Opxs; Opx Qtz Met Met,

Si 5.922 6.670 7.593 8.002 7.650 7.75 12.00 0.000 98112.
Al 3.845 5.268 0.624 3.951 0.545 0.38 0.00 -1.411 00.00
Fe3+ 0.302 0.058 0.152 0.069 0.135 0.13 0.00 0.000 40.20
Fe2+ 4.326 1.051 4.548 0.000 4.589 4.56 0.00 0.000 81.47
Mn 0.368 0.028 0.120 0.000 0.126 0.13 0.00 -0.29 0.000
Mg 1.047 1.592 2.913 0.000 2.922 3.03 0.00 0.000 1.151
Ca 0.182 0.000 0.008 1.027 0.014 0.02 0.00 -0.087 00.00
Na 0.000 0.000 0.000 1.847 0.000 0.00 0.00 0.154 0.000
K 0.000 0.000 0.000 0.031 0.000 0.00 0.00 0.003 0.000
Measured Proportion of product phases (counts)

Crd Opx%; Pl Opxs; Opx%

0.5720 0.1457 0.0586 0.0300 0.1938

Overall Reaction
1Grt +1.19Qtz+ 1.15 MgO + 0.15 Nag) + 0.003 KQ;, = 12.98 SiQ + 1.41 AlQ;;, + 0.20 Fe@, + 1.48 FeO + 0.29 MnO + 0.09 CaO + 0@@l + 0.050pxs;+ 0.08PI + 0.070pxg,+

0.430px,

L-ratios (phenomenological coefficients) Coefficients of phases at boundaries 1-#;; at boundary g (mol phase/mol reaction progress)

Lsisi/Laiai 1 Lsisi/Lugug 0.027 Boundary Crd Opx; P Opxs; Opx,
Lgisi/Lpestpest 1 Lsisi/Lcaca 0.205 1 -0.4060 -0.4268
Lgisi/Lper+pe2+  0.024 Lsisi/Lyana 0.205 2 0.0496 0.3772 -0.0705 -0.3447
Lsisi/ Lynan 1 Lgisi/Lkk 1 3 -0.0127 0.2787 -0.2621
4 -0.1644
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Table 5.9 continued: Modelling Results for corona K9C

Molar amounts of minerals in layer r (mol/mol reacion progress)

Layer Crd Opxs1 PI Opxs; Opx
1 0.3564 0.0495

2 0.0832 0.0659

3 0.4265

Model layer thicknesses, hr* (1¢m®mol reaction progress)

Thickness Layer 1 Layer 2 Layer 3
hr 0.86 0.13 0.28
ratio 3.07 0.46 1.00

Model fluxes in layers 1 to 3 (mol/mol reaction prgress)

Layer Si Al Fe®*

1 -0.0263 0.0284 0.2131
2 -0.0324 0.0585 0.2219
3 -0.0317 0.0618 0.2248
Matrix: Jqt

Molar volumes of phases (16m®mol™Y)

Crd Opx%; PI Opxs;
2.3271 0.6592 1.0204 0.6592

Observed layer widths (um)

Model chemical potential gradients for componentsn layers 1 to 3 (mol/mol reaction progress)

Layer Si Al Fe**

1 0.0263 -0.0284 -0.2131
2 0.0324 -0.0585 -0.2219
3 0.0317 -0.0618 -0.2248
Matrix: Cpt

Width Layer 1 ayer 2 Layer 3
measured 125 19 40
ratio 3.13 0.48 1.00
Fe** Mn Mg Ca
1.9583 0.0183 -0.8432 0.0919
2.1445 0.0217 -0.6722 0.0177
2.2281 0.0219 -0.6524 0.0033
Fe?* Mn Mg Ca
-0.0470 -0.0183 0.0228 8801
-0.0515 -0.0217 0.0182 3600
-0.0535 -0.0219 0.0176 oo

OpX,

Na
0.1537

0.0234
0.0000

Na
-0.0315

-0.0048
0.0000

0.6588

0.0026
0.0004
0.0000

-0.0026
-0.0004
0.0000
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Table 5.9 continued: Modelling Results for corona K9C

Model Free Energy gradients for phases in layers tb 3 (mof component/[(mol mineral).(mol reaction progress)])

Layer Grt Crd Opx; PI OpXs;

1 -0.2072 0.0000 0.0000 0.0062 0.0054
2 -0.3124 -0.1310 -0.0082 0.0000 0.0000
3 -0.3385 -0.1557 -0.0264 -0.0065 -0.0180

OpX,
0.0176

0.0175
0.0000

Qtz Met
0.3160 .042a
0.3888 0.0884

@38 0.0935

Model Free Energy differences for phases across less 1 to 3 (nimol?> component/[(mol mineral).(mofreaction progress)])

Layer Grt Crd Opx; PI OpXs;

1 -1.7862E-05 0.0000 0.0000 5.3125E-07 4.6877E-07
2 -4.0106E-06 -1.6814E-06 -1.0497E-07 0.0000 0.0000

3 -9.5115E-06 -4.3736E-06 -7.4242E-07 -1.8200E-07 07®2E-07

OpX,
146B-06

.250BE-07
0.0000

Qtz Met
2.7244E-05 3.6317E-06
4.9904E-06 1.1348E-06

1.0697E-05 2.6272E-06

Model Free Energy differences of phases at boundaiy from those at boundary where phase is present (st be<0 for stability)

Boundary Grt Crd Opx; Pl Opxs; Opx Qtz

1 0.0000 0.0000 0.0000 -5.3123E-07 -4.6877E-07 -BE3% -4.2932E-05

2 -1.7862E-05 0.0000 0.0000 0.0000 0.0000 -2.2510E-07  -1.5688E-05

3 -2.1872E-05 -1.6815E-06 -1.0498E-07 0.0000 0.0000 -1.0697E-05

4 -3.1384E-05 -6.0549E-06 -8.4739E-07 -1.8200E-07 07@3E-07 0.0000 0.0000

For calculation of model affinity -AG (m®mol®> component/mof reaction progress)

Layer Si Al Fe®* Fe?* Mn Mg Ca Na

1 5.9791E-08 6.9584E-08 3.9143E-06 7.9348E-06 2.8995E 1.6551E-06 1.4928E-07 4.1734E-07
2 1.3473E-08 4.4001E-08 6.3205E-07 1.4168E-06 6.080BE 1.5661E-07 8.2236E-10 1.4420E-09
3 2.8282E-08 1.0726E-07 1.4202E-06 3.3478E-06 1.348BE 3.2287E-07 6.4416E-11 3.3281E-17

Reaction Affinity (mmol ™)

Met,
-0.2028
-0.2784
-0.2668
Met,
-1.7485E-05
-3.5742E-06
-7.4961E-06
K Total
5.8612E-10 23DE-05
2.0258E-12 71BE-06
3.8274E-20 4BE-06
0.0000217
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5.3.1 Corona overall reactions

Corona product volume proportions were determinechfimage analysis of BSE
images of each corona in MATLAB. The calculated anslolumes and the average
composition of each phase in the corona layers wese used to calculate molar
phase ratios (Tables 5.5 - 5.9). The overall readh each corona was reconstructed

by ensuring mass balance for each component
(0]
Z:anik =0 egn 5.1
k=1

v, is the stoichiometric coefficient of phase k i thverall reaction, and, is the

number of moles of componentin 1 mole of phas&. In an open system, the
metasomatic fluxes at the corona boundaries aetetl as imaginary phases Met
and Met.

The final steady-state bulk composition of the carsystem is yielded by the right
hand side of the following equation:

Vgrt T Vgtz + Vmet, T Vmet, = Verd t Vopxsisnp T Vplg T Vkfs eqn 5.1a

The terms,,. + v, give the apparent initial bulk composition of thberona
system with immediate onset of reaction (Figure4p.ZThis measured bulk
composition is not the true incipient bulk compiosit since the composition of
garnet (principallyXyg) has been modified though prolonged reaction gmeho
system interaction with the surrounding rock. Thpaaent initial bulk compositions
may be corrected to yield reasonable estimatebeofrtie initial bulk compositions
by adjustingXugy such that the original compositions of the prediqgteak Archaean
garnet compositions from THERMOCALC are reprodu¢€dble 5.10). The final
steady-state bulk composition is related to the tnitial bulk compositions by the
true metasomatic flux vectorgy,e., + vemee, In Figure 5.24. The final steady-state
bulk compositions are related to the apparentahitiulk compositions by the
apparent metasomatic flux vectorse. + vme:,. Since corona modelling is
concerned with modelling the final steady-state figomation of product layers,

reactants and overall reaction affinity, the fin@hctant compositions and apparent
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metasomatic fluxes are used in constraining theablvequation, with open-system
modification to the original reactant compositioreccommodated in the

metasomatic fluxes.

+ quartz, plagioclase, K-feldspar

.
Orthopyroxene

F M
Corona phase composition Final steady-s.tgte True initr'c.rl‘ .AP[.?GFEHC steady-st-alte
bulk composition bulk composition initial bulk composition
* SK8C B SK8C A SK8C ® SKsC
e SK12A O  SK12A A SK12A O SK12A
e SK9A B SK9A A SK9A 9 SK9A
SK9B B SK9B A SK9B @ SK9B
* SK9C m SK9C A SK9C ® SK9C

Figure 5.24: AFM diagram with quartz, plagioclasend K-feldspar in excess demonstrating the
evolution of corona bulk composition with prolonge@action. The final steady-state corona bulk
composition is that determined from the compositioand relative proportions of corona product
phases observed at present. Two potential initialkccompositions may be generated: an apparent
initial bulk composition based on the proportion garnet consumed in the overall reaction with its
current measured composition; and a true initial bucomposition based on a predicted peak
garnet composition from THERMOCALC immediately pricco impact. The true initial bulk
composition evolves toward the final steady-statg#ona bulk composition as garnet becomes
progressively depleted in Mg in producing a magraasiproduct assemblage with corona growth,
resulting in the relative enrichment of garnet ind= The true and apparent initial compositions are
related to the final steady-state bulk compositibg true and apparent metasomatic flux vectors
respectively.
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Table 5.10: Molar bulk compositions for SK8C, SK12A SK9A, SK9B and SK9C coronas

SK8C
SK12A
SK9A
SK9B
SKoC

SK8C
SK12A
SK9A
SK9B
SKoC

SK8C
SK12A
SK9A
SK9B

SKoC

SiO,

83.83
84.08
88.06
89.63

66.75

SiO,

83.83
84.08
88.06
89.63

66.75

Sio,

48.69
47.47
47.4
49.13

47.75

AlO3p,

6.64
6.48
4.86
4.22

12.7

6.64
6.48
4.86
4.22

12.7

APPARENT INITIAL MOLAR BULK COMPOSITION

FeOsp

0.03
0.04
0.06

1

FeO MnO
6.59 0.21
6.81 0.14
5.55 0.24
4.83 0.23

1429  1.22

MgO

2.5

217
1.05
0.84

3.46

CaO

0.23
0.29
0.2
0.19

0.6

INITIAL MOLAR BULK COMPOSITION

FeOsp

0.03
0.04

0.06

FeO MnO
5.38 0.21
5.49 0.14
4.15 0.24
3.14 0.23
10.2 1.22

MgO

3.78
3.5
3.32
2.5
8.15

— THERMOCALC AMENDED Xyq

CaO

0.23

0.29
0.2

0.19

0.6

NaGy,

© o o o ©

NaGy,

© o o o o

FINAL OPEN SYSTEM MOLAR BULK COMPOSITION

AlO3);,

9.23
8.27
7.41
7.08

16.08

FeO,;

0.18
1.94
2.35
1.95

0.65

FeO MnO
18.21 0.14
21.53 0
24.57 0
23.16 0
18.82 0.53

MgO

22.1
19.79
17.37
15.76

14.52

CaO

0.45
0.47
0.38
0.81

0.63

NaG;»

0.99
0.52
0.52
1.38

1.02

KOy,

© o o o ©

KOy,

© o o o o

KOy

0.02
0.01
0.01
0.73

0.02

Xmg

0.28
0.24
0.16
0.15

0.19

0.41
0.39
0.44
0.44

0.44

Xwmg

0.55
0.48

0.41
0.4

44 0.

In Figure 5.25, the variable magnitudes of appaagmt true external metasomatic

fluxes for components in all coronas are demoresitaPositive values indicate the

influx of material into the corona from an adjacestturce and negative values

indicate a loss from the corona to an adjacent sintside of the volume of

equilibration considered. The choices of locationdomponent metasomatic fluxes,

i.e., at either the quartz or garnet boundary tlaose that yield diffusionally stable

solutions, (e.g., Ashworth and Sheplev, 1997). Theice to assign Fe and Mg
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fluxes to the quartz boundary means that Fe andaMgnot solely derived from
garnet to produce blocky orthopyroxene. This misisiboth the diffusive flux of
Fe and Mg from garnet toward quartz and diffusiaefficients relative to Si
required for diffusional stability. This is in agmaent with the modelling premise in
this study and that of Carlson and Johnson (19@hjch models the minimum
differences in phenomenological coefficients (Ligg} for diffusional stability. The
inflection in Xywg values for blocky orthopyroxene to higher valuesparable to
intermediate values for the symplectite orthopyrexén the same corona is also

consistent with metasomatic input of Mg at the loarg with quartz.

Al, Fe, and Mg are the major components enteringxating the corona domain.
The steady-state corona bulk composition, thus|vegowith prolonged reaction,
becoming depleted in Al and progressively richefFanand Mg (Figure 5.25). Si
external fluxes are not considered, since the @EBC'’s are silica-saturated, such
that changing Si@flux results only in a change in the mode of fggartz in the
assemblage (quartz is still stable in the prodasemblage). The true and apparent
metasomatic fluxes differ primarily with respect rilative fluxes of Fe and Mg
components (Figure 5.25). For SK8C and SK12A, the input metasomatic flux of
Mg exceeds Fe at both boundaries in producing gressively more Mg-rich final
steady-state bulk composition from the true initi@afona bulk compositions (Figure
5.25). In contrast, the true input metasomatic fiixre exceeds Mg in SK9A and
SK9B, vyielding Fe-rich final steady-state bulk carapions. In SK9C, the output
flux of Mg exceeds Fe, resulting in a progressivelgre Fe-rich final steady-state
corona bulk composition. In all coronas, the appiarmgput metasomatic flux of Mg
is higher than Fe. This is an artifact of graduarngt Fe-enrichment during
prolonged corona reaction to compositions more i¢te-than that required to
generate the final steady-state bulk compositioendg#, external Mg input is
invoked by mass balance to accommodate the fimadgtstate composition and
may not be an indication of the actual metasonfaties prevailing during corona
growth. Both true and apparent metasomatic fluggsire addition of Na, Ca and K
to the final steady-state bulk composition to suppbe observed modes of

plagioclase and K-feldspar (SK9B), respectively.
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a)

Flux
(mol phase/mol reaction progress)

b)

Flux
(mol phase/mol reaction progress)

1.50

1.00

0.50

-1.50
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2.00

Apparent Metasomatic Flux:
garnet boundary

[ | IDIII

I =
Al Fe?* Mg Ca Na K
Component (i)
Apparent Metasomatic Flux:
quartz boundary
Al Fe?* Mg Ca Na K

Component (i)

Figure 5.25: True and apparent metasomatic fluxew oper-system diffusion models reported in this study.
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5.3.2 L-ratios

Given an overall reaction for each corona, modgdiatructures were calculated for
ratios of Onsager diffusion coefficients or L-ratiorelating component flux to
chemical potential gradients (Appendix A; Joestd®77; Mongkoltip and
Ashworth, 1983; Foster, 1986; Grant, 1988; JohrsswhCarlson, 1990; Carlson and
Johnson, 1991; Ashworth and Birdi, 1990; Ashworthale, 1992; Ashworth and
Sheplev, 1997; Markl et al., 1998; Ashworth et H#098).

Input L-ratios yielding diffusionally stable solatis for corona models are included
in Figure 5.26. |. expresses linear proportionality between flux @inponeni and

its chemical potential gradient (Joesten, 1977)d&d.-ratios are defined as ratios
of component diffusion coefficients relative to 5&., Lsis/Li. The contribution to
the flux of a component that results from the cloainpotential gradient of another
component is assumed to be negligible (i.¢.5 10, wherei # j) in agreement with
Ashworth and Sheplev, (1997). L-ratios are alsu@m&sl to remain constant across
the reaction band or layer. In Figure 5.R§sfLii = 1 represents a line of equality,
such that any L-ratios plotting along this line icade no relative difference in
intergranular diffusion rate of componentelative to Si. L-ratios plotting below 1
suggest more rapid diffusion of componentelative to Si. Conversely, L-ratios
plotting above 1 indicate slower diffusion of compati relative to Si. A range of
L-ratios for a particular corona will yield staldelutions. Following the rationale of
Carlson and Johnson (1991), the L-ratios accemtechbdels were those as close as
possible to unity, i.e., representative of the mun differences of
phenomenological coefficients required in ordergenerate diffusionally stable

models.

In all coronas,Lsis/Li < 1 for components E& Mg, Ca, Na and K (the actual
diffusing species is component oxide; Joesten, 197#&" and Mg exhibit the

lowest L-ratios and are, thus, the most rapidljudihg species, followed by Ca, Na
and K. Al is the only component for whidksis/Lij > 1. Al is, thus, the slowest
diffusing of all components relative to Si. Thestative differences in intergranular
diffusivities manifest as partitioning of the stgestate corona bulk composition
from garnet towards quartz into a ‘proximal’ alumirs symplectite, followed by a
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plagioclasesearing smplectite accommodating more rapidly diffusing dikke
terminated by a ‘distal’, alumirdeficient, monomineralic blocky orthopyroxe
layer comprising the most rapidly diffusing ferrognasian components. In SK9
K diffuses nearly twice as fast as ites in all other coronas modelled, ther
stabilizing a Kfeldspar layer adjacent to blocky orthopyroxeng.(d-icure 5.2d).
In SK8C, SK12A and SK9B, Al diffuses more slowlhathSi (SK8CLsis{Laa =
5.8; SK12ALsis/Laa = 3.5; SK9BLsjs/Laai = 1.5. In SK9A and SK9C, there is t
relative difference in intergranular diffusion cheents between Al and ¢
(LsisfLaiar = 1.0), reflecting more rapid diffusion of Al indke coronas than

SK8C, SK12A and SK9E

L-ratios
(phenomenological coefficients)

LN
0"
‘\
e
L * R
- \, - _7_——*—*0 o ‘4,/"'
5 -8 P ® 5KBC
N . 8 ° o
..,‘;’ ' / o SK12A
7 — 0 @ SK9A
0.1 A * -
. \ o e P —@— 5K9B
e —e—5K3C
\\ s
R E—
0.01
i=Al i= Fe?* i=Mg i=Ca i=Na i-K
Component (i)

Figure 5.26: L+atios for stablediffusion models for coronas SK8C, SK12A, SK9A, $and
SK9C.
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5.3.3 Corona product proportions

Corona product phase proportions were determineichage analysis in MATLAB
of BSE images of the respective coronas (Figur@)5Qorona product proportions
vary between the coronas, reflecting differencdsdal bulk composition caused by
metasomatic exchange of components with the matxing reaction. The
proportion of cordierite decreases from 0.38 in SK& 0.37 in SK12A and 0.34 in
SK9A, with lowest cordierite proportions of 0.22 BK9B. SK9C -cordierite
proportion is markedly higher at 0.57. The inverskationship for blocky Opxis
observed, with the proportion of Qpicreasing from 0.43 in SK8C to 0.44 in
SK12A, 0.53 in SK9A and 0.58 in SK9B. The propantmf Opx, is lowest in SK9C
at 0.19. The overall proportion of orthopyroxendha coronas increases from 0.55
in SK8C to 0.58 in SK12A and 0.61 in SK9A. Overaithopyroxene modes are
lower in SK9B (0.60) and lowest in SK9C (0.37).dterlase and K-feldspar modes
are highest in SK9B (0.12 for plagioclase and 0d@6K-feldspar). K-feldspar is
absent in other coronas and plagioclase is presdat lower proportions (0.08 in
SK8C, 0.05 in SK12A, 0.05 in SK9A and 0.06 in SK@0)npared to SK9B. Higher
cordierite modes and lower overall orthopyroxenalesoin SK9C relative to SK9A
reflect the overall less silicic, more aluminousjkocomposition of SK9C (Table
5.10, Figure 5.24). Likewise, higher plagioclasede® lower cordierite modes and
the presence of K-feldspar are indicative of theremalkali-rich, siliceous bulk
composition of SK9B compared to SK9A and SKOC (€dhll0, Figure 5.24).

A critical caveat must be made with regard to tigmiBcance of corona product
modes. It has been established that the coronamtche treated as closed systems
for any component. The implication of this is tlbaly a portion of the actual EBC
has been sampled within each model boundarynibtigpossible to use the measured
modes of the phases within the model boundary/freorie to infer the actual
composition of the EBC, e.g., the reduced modeoddierite in SK9A may lead one
to assume reduceaH,0 in the EBC of which it forms only a part. In &gl SKOA
forms part of a larger EBC in which cordierite med®e actually slightly higher

than orthopyroxene modes overall (see Chapterctiddet.3.1). The discrepancy
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Figure 5.27: Observed proportions of corona prodyftases determined by image analy:

arises because boundaries need to be imposed ori@npof the EBC to facilitat
modelling, with external fluxes required to accommiedchemical communicatic
with the remaining EBC as a whole. Within the mddelindaries from relict garn
to quartz reactant in SK9A, orthopyroxene modeshagh compared to SK8C al
SK12A. The high mdes of orthopyroxene reflect the preferential, dagffusion of
FeO and MgO from sources within the EBC externalthl®e model boundarie
toward the quartz inclusion, which acts as a somkdpidly diffusing FeO and Mg(
The mode of orthopyroxene is sed locally within the SK9A model framewoil
resulting in an apparent depletion in cordieritehiwi the model boundary. If tf
model boundaries are expanded so as to approatlofttize real EBC, cordierit
mode will increase as portions of the EBC ccising less mobile componer
(AlO3p) are included within the model framework. The moaleerall reaction wil
be different from that for the actual EBC, i.einpipally larger reaction coefficien

will be required for blocky orthopyroxene (Cp) with larger attendant FeO a
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MgO fluxes at model boundaries. Since reactiomdjfiis dependent on chemical
potential gradients across layers, regardless ¢ bamposition and modelled
overall reaction, the reaction affinity determinada portion of the EBC should be
indicative of the extent of equilibration withinghEBC as a whole, assuming

constancy of diffusion coefficients for all compatethoughout.

5.3.4 Component fluxes

By definition, component qux]f) in layer q is given by the summation of the
quantities of components liberated in reactionsoupoundaryr and is given by the

following equation (Joesten, 1977; Appendix A):

q

q _ _qleft
] n; i

P = VU +n vl eqn 5.2

WhereJ; = flux of component in layerg; nlf’left: moles componerntin the layer to
the left of layerq toward garnety = overall reaction coefficients for phased=
moles of component in layer q; v9 = reaction coefficients at boundary
immediately to the left of layeg. The termnf’.ﬁq is always negative since the

reaction coefficients for product phases are negati

In qualitative terms, the component flux can becdbed as the difference between
the molar amount of componentequired at boundanyto yield layerq ( n}. %)
and the amount initially liberated by the garneictant and metasomatic influx at

the garnet boundary, less the molar amount ofdbwiponent in layers to the left of

layer q, (nlf’left.ﬁ). The magnitude of the fluxes and their sign, exithegative or
positive, reflect the balance expressed in the temuabove. The convention in
diffusion modelling when referring to diffusing cponents is to use the element
symbol alone, e.g., Si for SjQe.g., Joesten, 1977; Mongkoltip and Ashworth,
1983; Foster, 1986; Grant, 1988; Johnson and Gurlk@00; Carlson and Johnson,
1991; Ashworth and Birdi, 1990; Ashworth et al..929 Ashworth and Sheplev,

1997; Markl et al., 1998; Ashworth et al., 1998).
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Flux relationships in all layers across theoretaaonas are demonstrated in Figure
5.28 and Figure 5.29. In layer 1 (cordierite anth@pyroxene symplectite), positive
component fluxes indicate material transport frofme tgarnet reactant or
metasomatic influx at the garnet boundarrg/l‘if *.7) exceeds the amount required to
stabilize corona product phases in the layér?) (Figure 5.28). Excess material is
able to diffuse to further potential reaction sitesvn chemical potential gradients
toward quartz (Figure 5.28). Conversely, negatiueefs indicate that the amount of
componenti liberated by garnet and metasomatic losses orsgainthe garnet
boundary is not sufficient to produce the produtiages of the appropriate
compositions in the observed proportions (Figu9b.Flux of material from the
opposite direction (i.e., either from the quartaatant or metasomatic influx at the

quartz boundary) must be invoked to stabilize #yet assemblage (Figure 5.29).

The relative magnitudes of component fluxes reflect balance between
concentration of a component in the reactant, tretagsomatic influx of that
component into the garnet or quartz boundariesio@en system, and the modes
and compositions of the product layers. Very lapgsitive fluxes suggest either
large molar amounts of componentliberated from reactant garnet or high
metasomatic influx at boundary 1, coupled with lomodes of cordierite and
orthopyroxene in layer 1 or a low concentrationhait component in the symplectite
phases. Very large negative fluxes are associattbdcamparatively small amounts
of component in garnet or loss of compondnb the external system at boundary 1,
compounded by higher modes of cordierite and ostitwgene in layer 1 or a high
concentration of componenin these phases.

In subsequent layers, fluxes reflect the same ca@ingt on material balance as in
layer 1, except that the molar amount of a compbdifusing from reactant garnet
and Met input is reduced by the molar amount of a compbimetine previous layer.
Typically, a layer §) grows at boundary and breaks down at boundamyl, thus
liberating an amount of componemt reflecting the relative proportions and
compositions of phases in laygi(Figure 5.28 and 5.29). Large positive inflections
in fluxes of components in layey occur when the molar amounts of component

yielded by the consumption of phases in the previayerqg-1 at the preceding
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Model fluxes in layer (mol/mol reaction progress)
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Figure 5.28: Development of positive fluxes overcarona band in a model system. The amount of comgmni liberated by garnet and metasomatic influx ite garnet
boundary @**/*. %) exceeds the amount required to stabilize coromaduct phases in the layer nf.%7), such thatJ? is >0. Excess material is able to diffuse to fueth

potential reaction sites down chemical potentiabgiients towards quartz.
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Figure 5.29: Development of negative fluxes ovecarona band. The amount of component i liberated ¢grnet and metasomatic influx at the garnet bounglas not
sufficient to produce the product phases of the apmgriate compositions in the observed proportiomslayer 1, i.e.,]‘i’ is <0. Flux of material from quartz or metasomatic

influx at the quartz boundary must be invoked t@btlize the layer assemblage
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boundaryr greatly exceed the amounts consumed in produelyey ¢ phases (e.qg.,
layer 2 in Figure 5.28). This occurs either becaofdarge positive reaction
coefficients for phases in laygrl at boundary, i.e., large amounts of component

left -
aleft g

liberated by consumption of high proportions of qurots of layerg-1 (n
increases), or low concentrations of componertnsumed in producing phases of
layer g with low overall modes in the corona assemblagf #? — 0). Large
negative flux inflections occur in layer (e.g., layer 2 in Figure 5.29) when the
molar amount of componenmtliberated at the preceding boundaryhrough the
breakdown of phases in the previous laydris markedly less than that required to
form the phases in the observed proportions andpositions in layeq. Diffusion
of the requisite molar amounts of componieistinduced from the opposite direction

from quartz toward garnet to accommodate the agfay in molai at boundary.

Component fluxes in layers of each individual carame presented in Figure 5.30a-
g and Tables 5.5-5.9. Fluxes were also calculatddpendently in Excel through
manual solution of equation 5.2 for each layervidiially as a check on the matrix
algebra in the Matlab model (Table 5.11). Manua#iculated fluxes are also useful
in demonstrating the nature of material transfesuph each layer and mass balance
with reaction at layer boundaries schematicallyg(Fes 5.31-5.44). Fluxes
calculated manually are equivalent to those detegthiby Matlab. In some rare
instances, the manually calculated flux differs $¥.0005 mol from the Matlab
flux. This results in a deviation by 0.001 with naling to three decimal places. The
variation between manual and Matlab fluxes is laited to the greater number of
significant figures included during the Matlab mihdeg of reaction coefficients at

layer boundaries throughout iterative calculatiod & not considered significant.

Variation in Si flux across all coronas is showrFigure 5.30a. Si fluxes in layer 1
cordierite and orthopyroxene symplectite from alonas are negative since the
molar SiQ required to stabilise the formation of the sympteaequires diffusion
from quartz toward Si-deficient garnet. The Si fietationships for SKOC, SK9B
and SK8C are demonstrated schematically in Figbr84-5.33, respectively. A
marked increase in the magnitude of negative Si Haross plagioclase-bearing

layer 2 in all coronas (e.g., Figures 5.31, 5.32 2u33) and K-feldspar layer 3 in
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Figure 5.30: Model component fluxes for each compnt in corona layer
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Table 5.11: Component fluxes through layers and mal amounts of components liberated and consumed &yer boundaries (reported at 3 decimal places).

Fe* Mg Si Al
SK8C SK12A SK9A SK9B SKI9C SK8C SKI12A SK9A SK9B SKO9C SK8C SK12A SK9A SKO9B SK9C SK8C SK12A SK9A SK9B SKoC

Molar input garnet
+metl
Moles consumed B1 -1.631  -2.117  -2.044 -1.767 -2.368  -2.617 -2.347 .831 -1.782  -1.890| -6.246 -6.284 -6.067 -6.017 489 -3.139 -2.853  -3.151 -3.507  -2.405

4.054 4.290 4.675 4.700 4.324 1.538 1.367 0.883 141.8 1.047 6.002 5.962 5.945 5.920 5.922 3.206 2.9673.284 3.568 2.434

Flux in layer 1 2.423 2.173 2.631 2.933 1.95 -1.079 -0.980 -0.9540.032 -0.843 -0.244 -0.323 -0.122 -0.097 -0.026 6D.0 0.115 0.133 0.060 0.028

Moles liberated B2 0.328 0.169 0.343 1.490 1.76§ 0.575 0.263 0.385 721.3 1.178 1.462 0.881 1.449 4.312 3.195 0.832 0.6160.985 2.150 0.497

Moles consumed B2 0.000 0.000 0.000 -0.404 -1.582 0.000 0.000 0.000 0.269 -1.007 -1.702 -0.970 -1.500 -4.399 -3.201 688. -0.499 -0.714 -1.954 -0.466
Flux in layer 2 2.751 2.342 2.974 4.019 2.144 -0.504 -0.717 -0.5691.135 -0.672 -0.484 -0.411 -0.173 -0.184 -0.082 16.2 0.232 0.405 0.256 0.059
Moles liberated B3 0.000 0.000 0.000 0.206 1.27 0.000 0.000 0.000 370.1 0.814 0.388 0.172 0.589 1.563 2.031 0.156 0.0880.280 0.649 0.102

Moles consumed B3 -0.155 -0.072 -0.330 0.000 -1.196 -0.174 -0.062 220. 0.000 -0.795 -0.335 -0.134 -0.556 -1.573 -2.030-0.011 -0.004 -0.025 -0.480 -0.099

Flux in layer 3 2596 2270  2.644 4225 2228  -0.678 0779 07941271  -0.652 | -0.430 -0.373 -0.141 -0.193 -0.082 60.3 0316  0.660 0425  0.062
Moles liberated B4 | 0000 0000  0.000 0000  0.00 0000 0000 0000 0000 0.000 | 0000 0000 0000 0097 00d0 0000  0.0000.000 0030  0.000
Moles consumed B4 -4.868  -5.702  -8.862  -0.050 -0.750  -5.462  -4.954 .026 -0.033 -0.480| -10.487 -10692 -14.928 -0.0841.258 | -0.360 -0.316 -0.660  -0.002  -0.062
Molarinputquartz |, ;5 343 5218 ; 1478  -6140 5733  -6.818 . 1133 | -10917 -11.065 -15.069 - 41290 0000 ©.00 0.000 ; 0.000
+ met 2 at B4

Flux in layer 4

(SKOB) 4.175 1.238 -0.180 0.453

Moles liberated B5 0.000 0.000 0.000 0.000

Moles consumed BS -11.147 -7.368 -18.660 -0.453

Molar input quartz

+ met 2 (SK9B only -6.972 6.130 -18.840 0.000

at B5
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Table 5.11 continued: Component fluxes through layes and molar amounts of components liberated and esumed at layer boundaries.

Ca Na K

SK8C SK12A SK9A SK9B SKaC SK8C SK12A SK9A SK9B SKO SK8C SK12A SK9A SK9B SKoC
Y'?T'fe‘; |1nput garnet 0.155 0.168 0.168 0.407 0.095 0.342 0.188 0232 9406 0.154 0.008 0.003 0.004 0.383 0.008
Moles consumed B1 | -0.034  -0.006  -0.005  -0.004  -0.004 0.000 0000  ®.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Flux in layer 1 0.121 0.162 0.162 0.403 0.092 0.342 0.188 0232 9406 0154 0.008 0.003 0.004 0.383 0.008
Moles liberated B2 0.006 0.000 0.001 0.004 0.003 0.000 0.000 0000 000.0 0.000 0.000 0.000 0.000 0.000 0.00
Moles consumed B2 | -0.134  -0152  -0197  -0532  -0.07]  -0.444 0228 380  -0875  -0130| -0010  -0.003  -0.007  -0.003  0R.0
Flux in layer 2 0007 0010  -0035  -0125 0018  -0101  -0040 501 -0181 0023 | -0.002 0001  -0.003  0.379 0.040
Moles liberated B3 0.031 0.027 0.077 0176  -0.004 0.101 0.040 0150 28). -0.023 | 0.002 0.001 0.003 0.001 0.000
Moles consumed B3 | -0.001 0000  -0002 0001  -0.00§ 0.000 0.000 0000 -0.111  0.000 0.000 0.000 0000  -0405  0.00p
Flux in layer 3 0.023 0.036 0.041 0.051 0.003 0.000 0.000 0000 00®.  0.000 0.000 0.000 0000  -0025  0.00D
Moles liberated B4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0000 070.0 0.000 0.000 0.000 0.000 0.025 0.00
Moles consumed B4 | -0.023  -0.036  -0.04L 0000  -0.000 0.000 0000  ®.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000
E"?Jf; |2nput quartz 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 .0000  0.000 0.000 0.000
Flux in layer 4 (SK9B) 0.051 0.000 0.000
Moles liberated B5 0.000 0.000 0.000
Moles consumed B5 -0.051 0.000 0.000
Molar input quartz
+met 2 (SK9B only) at 0.000 0.000 0.000
B5
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SK9B (Figure 5.32) is followed by a slight decreas@egative flux over the final
blocky orthopyroxene layer toward garnet. The ease in negative Si flux over
layer 2 is due to the more siliceous nature offtdspathic layer, increasing the

amount of SiQ consumed at boundary 2 in the production of plgee, i.e.,

nﬂg.vgl increases. The molar amount of &iliberated at boundary 2 with the
decomposition of cordierite and orthopyroxene ssl¢han that required to form
plagioclase-bearing layer 2 (Table 5.11; Figure31%.33), thus inducing an
increase in the molar amount of Si@iffusing from quartz toward boundary 2 to
accommodate the deficiency. Negative Si fluxeshm locky orthopyroxene layer

are slightly suppressed owing to the comparatigehall reaction coefficiemg’pxb,
thereby reducing the magnituderngf ™ - v3,, , such that the molar amount of $iO

consumed at the preceding boundary in producingkiglorthopyroxene is less than
that liberated by the decomposition of the feldspalayer to the left, hence, less

SiO, is required to diffuse from reactant quartz.

Lowest-magnitude negative Si fluxes are observedSKBC, where the molar
amount of SiQ consumed to produce layer 1 symplectite is magkkedis than in all
other coronas (Figure 5.31) and approaches thaxtalibd from the garnet reactant at
boundary 1. Low Si fluxes are consistent with tightmode of cordierite in SK9C
corona and an overall Si-deficient bulk compositidecordingly, lower Si fluxes
are required from quartz toward garnet to stabilize silica-deficient product
assemblage. Conversely, the higher modes of ortbgpge in the layer 1
symplectites of SK12A (Figure 5.30a) and SK8C (Fegu5.30a, 5.33) require
greater amounts of molar Si®@e consumed at boundary 1 for formation of theamor
siliceous symplectites, thereby inducing higher-nitagie negative Si fluxes in all

layers from quartz for stability.

Variation of Al flux throughout the coronas is showm Figure 5.30b. Al fluxes are
positive in all coronas and increase steadily irgmitade from garnet to reactant
quartz. Highest-magnitude Al fluxes are modelledSK9A (Table 5.11, Figure
5.34) and lowest-magnitude Al fluxes are observed6K9C (Table 5.11, Figure

5.35). In all layers, the amount of Al liberatedeath boundary exceeds the amount
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Figure 5.31: Development of negative fluxes for Si@ver corona layers in SK9C.

SK9C

MODEL Si (SiO,) FLUXES

nix phase compositions,

BOUNDARY 1 BOUNDARY 2
(81) (B2) (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
| Si Grt crd Opx 51 Pl Opx s Opx , atz Met Met,
Grt 5.922 B(1) 1.000 -0.406 -0.427 1.000
crd 6.670 B8(2) 0.050 0377 -0.071 -0.345
Opx 51 7.593 B(3) -0.013 0.279 -0.262
Pl 8.002 B(4) -0.164 1.191 1.000
Opx sz 7.650
Opxp 7.747
Qtz 12.000
Met
Met; -12.981
MOLES CONSUMED
IN REACTION AT B1
-5.948
BOUNDARY 3 BOUNDARY 4
(83) B4)
Mz‘gzﬂgjﬁtrzso MOLES CONSUMED
Jai lipift Cret-out IN REACTION AT B2
e MOLES LIBERATED:
-3.201 BOUNDARY 3 MOLES CONSUMED
molar input Opx-out molar input Pl-out IN REACTION AT B3
+3.195 molar input Opx_-out
-2.030 NO MOLES
+2.031 LIBERATED AT B4
(Opx, does not break down)
s
-0.026 -0.032 -0.031
MOLES CONSUMED
IN REACTION AT B4
(Opx, growth)
-1.258
[
- |
- |
= i
LAYER 1 LAYER 2 LAYER 3
Crd + Opx,, symplectite Pl + Opx,, blocky Opx, Qtz
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SK9B

MODEL Si (SiO,) FLUXES

BOUNDARY 1 BOUNDARY 2 ni phase compositions,
A (81 T I (24-oxygen mole basis) Coefficients of phases at boundaries 1-5
Si Grt Crd Opx sz Pl Opx sz Kfs Opx 5 Qtz Met ; Met
Grt 5.920 B(1) 1.000 -0.614 -0.259 1.000
Crd 6.667 B(2) 0.360 0.257 -0.470 -0.092
a MOLES LIBERATED Opxs; 7.437 B(3) 0.154 0.047 -0.172
% _— Pl 7.900 B(4) 0.011 -0.011
2 molar input Grt MOLES CONSUMED Opx sy 7.490 B(5) 2414 6770 1.000
g + IN REACTION AT B1 Kfs 9.123
o molar input Met,
S 6.017 Opxp 7.729
o =0.
8 +5.920 Qi 12000
5 Met 0.000
£ Met , -62.402
3
g MOLES CONSUMED
&= MOLES LIBERATED: IN REACTION AT B2 BOUNDARY 3 BOUNDARY 4 BOUNDARY 5
o BOUNDARY 2 ./ (84 185)
o ]
% molar input Crd-out -4.399
—— +
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Figure 5.32: Development of negative fluxes for Si@ver corona layers in SK9B.

356



SK8C
MODEL Si (SiO,) FLUXES

BOUNDARY 1 BOUNDARY 2 nix phase compositions,
L (81) (82) (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
| | Si Grt Crd Opx 51 Pl Opx Qtz Met ; Met
| | Grt 6.002 B(1) 1.000 -0.467  -0.431 1.000
L0101 e — crd 6.667 B(2) 0.134 0.078 -0.203
I | Opx 51 7.274 B(3) 0.046 -0.042
} Pl 8.400 B(4) -1.330 3.798 1.000
| Opx 7.882
atz 12.000
|
o | Met
wv
e MOLES LIBERATED } Met: 34850
& AT B1 |
e -
@ - MOLES CONSUMED |
< malar ’:""" art IN REACTION AT B1 l
‘3 molar input Met, :
3 -6.246 BOUNDARY 3 BOUNDARY 4
% +6.002 \ 183, (59
| {
£
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T ‘
g |
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Figure 5.33: Development of negative fluxes for Si@ver corona layers in SK8C.

357



required in production of phases of the requisittmgosition and proportions in the
following layer. The steady increase in Al fluxesass layers reflects progressively
decreasing magnitudes of the temf. 79, i.e., progressively smaller molar amounts
of AlOgz/, are consumed at reaction boundaries towards quagz SK9A in Figure
5.34 and SK9C in Figure 5.35. In plagioclase-beptayer 2, this is owing to a
small reaction coefficient at boundary 2 despite Highernj, required to form
plagioclase in layer 2. In blocky orthopyroxenedisy (layer 3 for SK8C, SK12A,
SK9A and SK9C and layer 4 for SK9B), the reduciiom,’ . v3,,, is owing to a

small negative reaction coefficient for Qx0.04 in SK8C) and lower Al contents
in blocky orthopyroxene compared to preceding lay@rable 5.11, Figures 5.34,
5.35). Al flux is highest in all layers of SK9A (ire 5.34) where the amount of Al
lost to the system at the garnet boundary in;NH£81 mol) is lowest compared to
all other coronas and the molar amounts of #AlOiberated by reaction at
succeeding boundaries exceeds that for other cer@wnversely, Al flux is lowest
in SK9C (Figure 5.35) in layer 1, where the amafmlO3/; lost to the surrounding
rock is largest (-1.41 mol), thus minimizing inpuolar AlO;, into boundary 1
(+2.434 mol). Almost all of the Alg) available for reaction is consumed at
boundary 1 (-2.405 mol), thereby minimizing excAtsdiffusing though the layer to
sinks down the chemical potential gradient in tbmna. Flux magnitudes in SK9C
remain at low values in succeeding layers in SK9hg to similar magnitudes of

liberated and consumed molar Ajgat each boundary.

Ferric iron flux variation throughout the coronasshown in Figure 5.30c. Fe
fluxes are positive in all layers in all coronasdagre the highest in magnitude
compared to other components, reflecting the redbtilarge difference in the molar
amount liberated from an almandine-rich garnetteedcand the amount required to
stabilise the corona product compositions and ptapw. Positive F& fluxes
suggest transport from boundary 1 adjacent to gdaveards quartz. The positive
flux relationships for F& in SK12A are demonstrated in Figure 5.36 and 9

in Figure 5.37. A positive inflection is commonlpserved for F& in plagioclase-
bearing layer 2 in all coronas and also over Kdplt layer 3 in SK9B. In SK12A,
Fe* fluxes increase at boundary 2 from +2.17 to +2m3dl per unit reaction
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SK9A
MODEL Al (AlO, ,) FLUXES

4 BOUNDARY 1 BOUNDARY 2 ni phase compositions,
(81) (82) (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
Al Grt Crd Opx 53 Pl Opx p Qtz Met ; Met ;
Grt 4.090 B(1) 1.000 0545  -0.326 1.000
3.284 ------------------------------ Crd 5333 B(Z) 0.180 0033 0.188

Opxs, 0749 B(3) 0.074 0,073

Pl 3.799 B(4) 1964 5684 1.000
v
o MOLES LIBERATED b 0336
g ATBE atz 0.000
o = Met -0.805
a molar input Grt Met 0.000
c +
-_g molar input Met,
Q
@ MOLES CONSUMED
s IN REACTION AT B1 BOUNDARY 3 BOUNDARY 4
g B83)
= -3,151
] +3.284
E
il
]
> MOLES LIBERATED:
= f‘;"bu‘:f:: . MOLES CONSUMED
i MOOL P CIO-0l INREACTIONAT B2 MOLES LIBERATED: MOLES CONSUMED
o + BOUNDARY 3 IN REACTION AT B3 us‘:;; ﬂg‘ﬁ -

molar input Opx,-out
“_3 (51 -0.714 molar input Pl-out .0.025 {Opx, does not break down)
o MOLES CONSUMED
E +0.985 +0.280 0.660 IN REACTION AT B4
s (Opx, growth)
0.405
0.133 vd -0.660
7
0.000
LAYER 1 LAYER 2 LAYER 3
Grt Crd +Opx,, symplectite Pl blocky Opx, Qtz

Figure 5.34: Development of positive fluxes for Aj@over corona layers in SK9A.
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SK9C
MODEL Al (AlO, ,) FLUXES

4 BOUNDARY 1 BOUNDARY 2 ny, phase compositions,
(B1) | (B2 | (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
Al Grt Crd Opxs, Pl Opxs,  Opx, Qtz Met Met ,
LY | LR e Grt 3.845 B(1) 1000  -0.406  -0.427 1.000
crd 5.268 B(2) 0050 0377 0071 -0.345
Opxs, 0624 B(3) 0013 0279  -0.262
= Pl 3.951 B(4) -0.164 1.191 1.000
o Opx;, 0545
Ty
o Opx, 0376
= MOLES LIBERATED atz 0.000
) Al Met,  -1411
= o MOLES CONSUMED
e Met
] ikl IN REACTION AT B1 :
o molar input Met,
£ -2.405
=
5] +2.434
E
Pl
(7] BOUNDARY 3 BOUNDARY 4
E (83 | (84)
£ MOLES LIBERATED:
v
¢ 7"":"""":" : MOLES CONSUMED ~ MOLES LIBERATED:
5 et iaan IN REACTION AT B2 BOUNDARY 3
>+ lar input Pl-out
o molar input Opx,-out moee n_:u G MOLES CONSUMED NO MOLES MOLES CONSUMED
B molor Input Opx-out IN REACTION AT B3 LIBERATED AT B4 w ﬁ‘mzm“
= +0.497 -0.466 (Opx, does not break down) PX, g1
0.028 0.059 +0.102 { } -0.099 0.062 -a.062
0.000 x M~}
- — |
- ]
_ ‘
LAYER 1 LAYER 2 LAYER 4
Grt Crd +Opx,, symplectite Pl * Opx,, blocky Opx, Qtz

Figure 5.35: Development of positive fluxes for Ajl@over corona layers in SK9C.
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Model fluxes in layer (mol/mol reaction progress)

4.290 ..............................

MOLES LIBERATED
AT B1

molar input Grt
+

molar input Met,

+4.290

2.000

Grt

SK12A

2+
MODEL Fe™ (FeO) FLUXES
BOUNDARY 1 BOUNDARY2 My phase compositions,
By /1 (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
Fe® Grt crd Opxs; Pl Opx atz Met, Met ,
Grt 4.290 B(1) 1.000 -0.444 -0.452 1.000
Crd 0.880 B(2) 0.112 0.018 -0.124
Opx s 3.818 B(3) 0.022 -0.017
Pl 0.000 B(4) -1.391 3918 1.000
Opx 4.099
Qtz 0.000
Met,
Met, 3.432
MOLES CONSUMED
IN REACTION AT B1
-2.117 BOUNDARY 3 BOUNDARY 4
(83) (84)
MOLES LIBERATED: MOLES LIBERATED:
70';’”""" ; MOLES CONSUMED B‘,O":"th'z ? 5 MOLES CONSUMED
moler "‘L"' o IN REACTION AT B2 moiar pat e IN REACTION AT B3
NO MOLES MOLES CONSUMED
molar input Opx-out -0.000 +0.000 LIBERATED AT B4 IN REACTION AT B4
+0.169 i/ 2.342 S } -0.072 (Opx, does not break down) | (Opx, growth)
2.270
2.173 -5.702
»
'
LAYER 1 LAYER 2 LAYER 3
Crd+ Opxﬂ symp[ecﬁte Pl blocky Opx,, Qtz

Figure 5.36: Development of positive fluxes for Fef@er corona layers in SK12A.
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0y J1]1) CEEEtEe R

MOLES LIBERATED
AT B1

molar input Grt
+
molar input Met,

+4.700

Madel fluxes in layer (mol/mol reaction progress)

Grt

SK9B

2+
MODEL Fe™ (FeO) FLUXES
BOUNDARY 1 BOUNDARY 2 BOUNDARY 3 BOUNDARY 4 BOUNDARY 5
81) (B2) {53,! (84) 85
MOLES LIBERATED:
BOUNDARY 3
MOLES LIBERATED: molar input Pl-out
| MOLES CONSUMED
BOUNDARY 3 | MOLES CONSUMED + IN REACTION AT B3
MOLES CONSUMED  molar input Pl-out IN REACTION AT B2 molar input Opx-out
NO MOLES
IN REACTION AT B2 + |
molar input Opx_-out -0.000 +0.000 EIBERATELLAT 0
0.404 " = -0.050 (Opx, does not break down)
MOLES CONSUMED it
+0.206 | 4.225
IN REACTION AT 81 4.175
4.019 |
-1.767 MOLES LIBERATED:
BOUNDARY 2
molar input Crd-out
+
molar input Opx,-out ny phase com| posniur!s. -
(24-oxygen mole basis) Coefficients of phases at boundaries 1-5
+1.490 Fe’" Grt crd Opx 51 ] Opxs;  Kfs Opxy Qtz Met Met ;
Grt 4.700 B(1) 1.000 -0.614 -0.259 1.000
crd 1.067 B(2) 0.360 0.257 0470 -0.092
opxs, 4301 B(3) 0.153 0.047 -0.173
2.933 Pl 0.000 B(4) 0.011 0.011
Opxs; 4.404 B(5) 2414 6.770 1.000
Kfs 0.000
Opx, 4617 MOLES CONSUMED
az 0.000 IN REACTION AT B4
Met, 0.000 (Opx, growth)
Met ; 6.972
| -11.147
2.000 - - :
I = |
i - {
i - |
LAYER 1 LAYER 2 LAYER 3 LAYER 4
Crd + Opx,, symplectite Pl + Opx,, Ksp blocky Opx, Qtz

Figure 5.37: Development of positive fluxes for Fefyer corona layers in SK9B.
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progress (Figure 5.36) and from +2.93 to +4.02 p® unit reaction progress in
SK9B (Figure 5.37). This is owing to the fact ti@O consumed in producing the
plagioclase-dominated layer Z%,.7? —» 0) and K-feldspar layer 3 in SK9B
(n,. 73 - 0) is negligible compared to the molar FeO liberaeboundary 2 from
the decomposition of cordierite and orthopyroxeiée positive inflection is
particularly large for SK9B because of the largeoants of cordierite and

orthopyroxene consumed at boundaryw2.{ = 0.360 and}

OPXs1

= 0.257 compared
to vl.4= 0.112 ands}

opxs, = 0-018 in SK12A). The excess FeO yielded at bognda

diffuses through the feldspathic layers towardRe® sink adjacent to blocky Opx

Fe?* flux is suppressed slightly in layer 3 blocky anlyroxene in SK8C, SK12A,
SK9A and SK9C and layer 4 blocky orthopyroxene KBB (Figure 5.30c, Table
5.11) since the molar amounts liberated at boun8aflyoundary 4 for SK9B) for
reaction are negligible. Moreover, despite highemoentrations of FeO in blocky
orthopyroxene compared to the feldspathic preceldiyers, the reaction coefficient
for Opx, at boundary 3 (boundary 4 for SK9B) is typicalry small in magnitude,

since most Opxgrows at the boundary with quartzi. v3, + n{P*2.v3,, >

OpXp

n;

Vopx, = 0).

The difference in magnitudes of the’FBux between coronas is a function of the
composition of reactant and product phases, thectfe bulk composition of the

corona domain, product proportions, overall reactoefficients and local reaction
coefficients at each layer boundary. Lowest Fixes are present in SK9C layer 1
(+1.96 mol), reflecting the large molar amountd=efD consumed at boundary 1 (-
2.37 mol) to yield Fe-rich symplectite phases (€abll1ll). After reaction at

boundary 1, less FeO remains in excess to diffassugh the symplectite toward
quartz. In contrast to SK9C, the more magnesianpisgtite phases in SK8C
comprise lower molar amounts of FeO and, thus, Fe€3 (-1.63 mol) is consumed
at boundary 1, with the comparatively greater exdesO available from garnet
breakdown to diffuse through the layer down thenulcal potential gradient

towards quartz (Figure 5.30c, Table 5.11). Among tloronas studied, SK9B
exhibits the highest B&fluxes in all layers, owing to a relatively Fekriceactant

garnet compounded by low proportions of cordieated orthopyroxene in the
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corona as a whole; consequently, less FeO is casumreaction, yielding high
molar amounts of excess FeO and, therefore, higlagmitude positive fluxes
(Table 5.11, Figure 5.37).

Fluxes in Mg are generally negative and next highesnagnitude after F&in all
coronas (Figure 5.30d, Table 5.11). The negativa flelationships for Mg in
SK12A are demonstrated in Figure 5.38 and posftiverelationships for SK9B in
Figure 5.39. Negative fluxes for Mg arise in SK88K12A, SK9A and SK9C
(Figure 5.30d, Table 5.11) because the reactamtega@omposition is deficient in
MgO as it evolves to more Fe-rich final steadyestadmpositions with prolonged
reaction duration. Consequently, there is a defmyein the molar input of MgO
from garnet breakdown and metasomatic influx atnidamy 1 required to yield
product phases of the appropriate composition isenked proportions. This
deficiency is accommodated through influx of MgointlgO-deficient portions of
the corona at the quartz boundary and diffusionatd& garnet in the opposite
direction to FeO, i.e., from left to right (e.gKEA, Figure 5.38). In contrast to the
other coronas, diffusional stability for SK9B remgs metasomatic input of MgO at
garnet boundary 1 that exceeds that required ligalayer 1 symplectite phases,
resulting in a positive flux across the corona (iFgy5.39). The Mg flux in layer 1
symplectite is most negative for SK8C and SK12Ag(re 5.30d), indicative of the
more magnesian phase compositions comprising timplsgtites in these coronas.
Larger molar amounts of MgO are required to stabisymplectite phases of the
appropriate compositions at boundary 1 (+2.62 nool SK8C and 2.35 mol for
SK12A, Table 5.11), thus inducing higher-magnitublig fluxes from quartz
towards the MgO sink at boundary 1 for generatibnsymplectite phases. In
contrast, symplectite phases are more ferruginoUSKi9 coronas; thus, the molar
amount of MgO consumed at boundary 1 in productibthe symplectite is less
than that for SK8C and SK12A (+1.84 mol for SK9AL.#8 mol for SK9B and
+1.89 mol for SK9C). Therefore, despite less mdlgiO input at boundary 1 from
more Fe-rich garnet reactants (Table 5.11), thatnegflux induced in layer 1 in
SK9 is less than in SK8C and SK12A (Figure 5.30d).
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SK12A

MODEL Mg (MgO) FLUXES

* BOUNDARY 1 BOUNDARY 2 njx phase compositions,
181 . (82) | (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
| | Mg Grt crd Opx 51 P Opx Qtz Met Met ,
: Grt 1.367 B(1) 1.000 -0.444 -0.452 1.000
1.367 | crd 1.787 B(2) 0.112 0.018 -0.124
: Opx 51 3.439 B(3) 0.022 -0.017
| Pl 0.000 B(4) -1.391 3.918 1.000
| Opxp 3.561
|
| Qatz 0.000
MOLES LIBERATED | Met
= ATsd Met, 5733
= |
W)
v molar input Grt |
=) + MOLES CONSUMED
g molar input Met, IN REACTION AT B1 :
c
o -2.347 |
ﬁ | BOUNDARY 3 BOUNDARY 4
& +1.367 (83) (29
—
_o |
E ‘
— |
Q
£ ‘ >
— |
— |
]
> |
o |
c |
w |
1] MOLES LIBERATED: | MOLES CONSUMED
x MOLES LIBERATED: |
:3 BOUNDARY 2 ‘ MOLES CONSUMED BOUNDARY 3 IN REACTION AT B3
= molar input Crd-out | IN REACTION AT B2 |
% = ‘ molar input Pl-out NO MOLES
o molar input Opx,,-out | -0.000 +0.000 .0.062 LIBERATED AT B4 |
= 0.717 ~—_} (Opx, does not break down) MOLES CONSUMED
| =u.
+0.263 ‘ 0.779 IN REACTION AT B4
‘ (Opx, growth)
|
-1.000 0.930 | | -4.954
LAYER 1 LAYER 2 LAYER 3
Grt Crd + Opx,, symplectite 2 blocky Opx, Qtz

Figure 5.38: Development of negative fluxes for Mgiyer corona layers in SK12A.
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SK9B

BOUNDARY 1 BOUNDARY 2 BOUNDARY 3 BOUNDARY 4 BOUNDARY 5
A 81) {62 (83) (84) (85,
7R X 5 U ) O—
o MOLES LIBERATED:
X BOUNDARY 3
= MOLES LIBERATED: molar input Pl-out
a
c BOUNDARY 3 MOLES CONSUMED ¥ i Tinn
i=] molar input Pl-out IN REACTION AT B2 molar input Opx,;-out
= NO MOLES
9] MOLES CONSUMED +
e MOLES LIBERATED INREACTIONATBZ  molar input Opx-out -0.000 +0.000 0,033 LIBERATED AT B4
= AT B1 5 ! (Opx, does not break down)
° = .
£ molar input Grt MOLES CONSUMED 0.269 +0.137 { / 1.271 1.238
= + IN REACTION AT B1
g molar input Met, 1135
e -1.782 MOLES LIBERATED: njx phase compositions,
@ +1.814 BOUNDARY 2 (24-oxygen mole basis) Coefficients of phases at boundaries 1-5
o molar input Crd-out Mg Grt crd Opxs; P Opx sz Kfs Opx Qtz Met ; Met
£ + Grt 0.814 B(1) 1.000 -0.614 0259 1.000
H molar input Opx,-out crd 1,600 B(2) 0360 0.257 -0.470 -0.092
X Opxy,  3.003 8(3) 0153 0.047 0173
= +1.372 Pl 0.000 B(4) 0011 0011
g Opx s, 2.925 B(5) 2418 6.770 1.000
=} s 0000 MOLES CONSUMED
= opr, 3052 IN REACTION AT B4
atz 0.000 (Opx, growth)
Met, 1.000
0.032 Met, 6.130 -7.368
0.000 —>
—
-
-
LAYER 1 LAYER 2 LAYER 3 LAYER 4
Grt Crd +0px,, symplectite Pl + Opx,, Ksp blocky Opx, Qtz

Figure 5.39: Development of negative fluxes for Mg®er corona layers in SK9B.
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The reduction in negative Mg flux in plagioclasevdpated layer 2 in all coronas
(Figure 5.30d) and K-feldspar layer 3 in SK9B (Fegi15.30d and 5.39) reflects the

absence of MgO in plagioclase, i.e., the molar amhotiMgO consumed in reaction
at boundary 2 approaches zenm.vgl — 0). The liberation of MgO from the

breakdown of cordierite and orthopyroxene at bomnda further mitigates the
negative Mg flux required from quartz at boundarthrbugh layer 2. In SK9B, the
amount of MgO liberated by cordierite and orthopgnoe breakdown is large
enough (+1.37 mol) with only 0.27 moles consumedhig production of layer 2
orthopyroxene to yield the highest-magnitude pesitflux (+1.14 mol) across layer
2 (Figure 5.39). Similarly, the negative flux iryéa 1 is reduced in SK8C layer 2 (-
0.50 mol) compared to SK12A (-0.72 mol) and SK9& %7 mol) owing to the large
molar amounts of MgO liberated at boundary 2 in SK8ith the breakdown of
comparatively magnesian symplectite phases comptwe®K12A and SK9A
(Figure 5.30d, Table 5.11). In SK9C, large molaoants of MgO are liberated at
boundary 2 (+1.18 mol), however a large molar inigutequired to produce high
modes of orthopyroxene (Og¥ in layer 2 (-1.00 mol), thereby preventing any
reduction in negative MgO flux across layer 2 (Feg6.30d, Table 5.11). The Mg
flux in blocky orthopyroxene for layer 3 in SK8BCK&A, SKOA and SK9C
increases in magnitude slightly to accommodatehtgber molar amounts of MgO
consumed in reaction at boundary 3 to yield blookyopyroxene (Figure 5.30d,
Figure 5.38). The small reaction coefficient at lhdary 3 for Opk (~0.01, Tables
5.5-5.9) suppresses a large negative increasegnitnde since only a small amount
of MgO is consumed despite relatively high conagidns of MgO in blocky Opx
(Myty - Vipx, = -0.062 in SK12A). Similarly, the positive flux &gO in layer 4
blocky orthopyroxene in SK9B is suppressed to fygless positive values by the
same conditions (Figure 5.39.)

Variation in Ca flux for all coronas is shown ingkre 5.30e. Contrasting Ca flux
relationships are demonstrated for SK9B and SKIRRigure 5.40 and Figure 5.41.
Large positive fluxes in layer 1 are due to metaseninput at boundary 1 and
molar input from reactant garnet decompositiontle.ibr no CaO is consumed in
producing layer 1 symplectite phases and so fluxares essentially unchanged in
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layer 1 from molar input at boundary 1 (Figure BB0Fluxes in all coronas exhibit
a reduction over layer 2 owing to consumption oOQa form plagioclase (Figure
5.30e), enough to induce a negative flux in alboas except SK12A (Figure 5.40).
Liberation of CaO at boundary 3 with the breakdafiplagioclase and negligible
consumption of CaO to form K-feldspar in SK9B (Fig.41) and blocky Opxn
other coronas (e.g., SK12A in Figure 5.40) re-distiabs positive flux of CaO in all
coronas. Flux is initially highest in SK9B layermrdlative to other coronas (Figure
5.30e), followed by the largest negative inflectionflux over layer 2, reflecting
highest molar input at boundary 1 (+0.407 mol)loiekd by the largest molar CaO
consumption at boundary 2 (-0.532 mol) in formiriggoclase in greater overall
proportions than in any of the other coronas. Taeation in Ca flux magnitude in
other coronas over layer 2 reflects varying metagmminput at boundary 1,
compounded by different reaction coefficients folagoclase of different
compositions at boundary 2 (e.g., SK12A, Figurd®b.Zhe highest positive Ca flux
occurs in SK12A (0.010 mol) and principally refe@ high metasomatic input at
boundary 1 (0.168 mol) compared to metasomaticeuf 0.155 mol in SK8C and
0.168 mol in SK9A. This is further compounded bgnaall reaction coefficient for
plagioclase at boundary 2 (-0.12 for SK12A) comgai reaction coefficients of
-0.20 and -0.19 for SK8C and SK9A, respectivelyotiner words, the molar amount
of CaO consumed in layer 2 in SK12A is less that tbr SK8C and SK9A, with a
greater initial input of CaO available for reactidimereby yielding larger amounts of
excess or unreacted CaO to diffuse through ther ldgern the chemical potential

gradient toward boundary 3.

Fluxes for Na exhibit a V-shaped trend across@ibieas (Table 5.11, Figure 5.30f).
Contrasting flux relationships for Na in SK12A afk9B are demonstrated in
Figures 5.42 and 5.43, respectively. Large-maggitpdsitive fluxes are observed
over layer 1 since no Naf is consumed in the production of symplectite phase
(Figure 5.30f). Na flux magnitudes in layer 1 reflearying metasomatic input of
NaO,/; at boundary 1 into the corona (Table 5.11). Nadtuin layer 1 are highest in
magnitude in SK9B (0.694 mol) owing to the large lanoamounts of this
component required to stabilize the high overatiportion of plagioclase and K-
feldspar in this corona (Figure 5.43). Large flaRections occur at boundary 2 with
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SK12A

MODEL Ca (CaO) FLUXES
A BOUNDARY 1 BOUNDARY 2 nix phase compositions,
(81} (82 | (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
MOLES CONSUMED
Y ReACT O Grt ?182 B(1) f’;m 5;‘144 DUP:;; i o o ’1\”:;:) e
0,168} rerrrrsssmsansisnnnanin } ‘0-006 +0.000 crd 0.000 8(2) 0112 0018 0128
0.162 MOLES LIBERATED: Opx 1 0.014 B(3) 0.022 0,017

. BOUNDARY 2 Pl 1222 B(4) 1391 3918 1.000
a molar input Crd-out Opxy 0.026
e +
%D MOLE.;!].:‘:!;RATED molar input Opx,-out o 0000
s i Met -0.014
g molar input Grt Met, 0.000
= +
H molar input Met,
g
©
2
= MOLES CONSUMED BOUNDARY 3 BOUNDARY 4
g +0.168 IN REACTION AT B2 (83) 84
= -0.152 ‘ [ |
>
£ ;
c | MOLES CONSUMED |
; | IN REACTION AT B3 NO MOLES
] LIBERATED AT B4
% MOLES LIBERATED: -0.000 |
é BOUNDARY 3 (Opx, does not break down) |
5 e 0.036 | MOLES CONSUMED
] +0.027 IN REACTION AT B4
= {Opx, growth)

0.010

-0.036
0.000 -
LAYER 1 LAYER 2 LAYER 3
Grt Crd+0px,, symplectite Pl blocky Opx, Qtz

Figure 5.40: Development of fluxes for CaO over oo layers in SK12A.
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SK9B

MODEL Ca (Ca0) FLUXES
4 BOUNDARY 1 BOUNDARY 2 BOUNDARY 3 BOUNDARY 4 BOUNDARY 5
81) (82) (83) (84)
| ny phase compositians,
0.403 | (24-oxygen mole basis) Coefficients of phases at boundaries 1-5
0.407| \ ca Gre crd opxs; Pl opr K opr, Qe Met,  Met,
i Grt 0.186 B{1) 1000 0614 0259 1000
MOLES CONSUMED Ma;;::ml;ﬂ. crd 0.000 B(2) 0.360 0.257 0470 -0.092
= IN REACTION AT B1 i crd. Opx gy 0.015 B(3) 0.153 0.047 0.173
w mialeripat Crd-out: Pl 1101 Bl4) 0.011 0.011
o 0,004 4 oprs 0156 8s) 2418 670 1000
xén 8 molar input Opx,-out K 0.004
= opx, 002
= MOLES LIBERATED +0.004 au 0.000
o ATB1 My ma
= o Met; 0000
T molar input Grt MOLES CONSUMED MOLES LIBERATED:
= * IN REACTION AT B2 | BoUNOARL 3
L_g molar input Met, | MOLES CONSUMED ‘molar input Pl-out | MOLES CONSUMED
; R AEloTioN AT 53 + IN REACTION AT B3
£ 0.532 RS BrATLD: | molar input Opx,,-out NO MOLES MOLES CONSUMED
= +0.407 BOUNDARY 3 -0.001 LSERATEDAY DS IN REACTION AT B4
-g molar input Pl-out +0.000 -0.000 (Opx, does not break down) (Opx, growth)
+
= molar input Opx,,-out 0.051 0.051
= | -0.051
= >
2 >
B +0.176
3
=
]
©
3
-0.125
-0.2 T
= . |
- 1
| — |
LAYER 1 LAYER 2 LAYER 3 LAYER 4
Grt Crd+Opx,, symplectite Pl + Opx, Ksp blocky Opx, atz

Figure 5.41: Development of fluxes for CaO over ooia layers in SK9B.
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the production of plagioclase-bearing layer 2 (Feg6.30f). Flux magnitudes in

layer 2 reflect the relative difference in Ngnetasomatic input at boundary 1 and

the requisite amounts of Na@consumed in producing plagioclase of the correct

composition in the observed mode. The amount of iNa€@nsumed to produce
plagioclase of the observed proportion and comjwosis greater than the Na flux in
layer 1, i.e., molar Nafp available for reaction at boundary 2, thereby cidg

negative Na fluxes in layer 2 of all coronas (exc@K9C) in the opposite direction
(i.e., towards garnet). The largest negative atiben occurs in SK9B at boundary 2
(-0.181 mol), and is due to the large amounts dbiyaconsumed to produce high
modes of plagioclase (Figure 5.43). Large negaflivees in layer 2 in SK8C (-
0.101 mol) and SK9A (-0.150 mol) reflect enrichmamtXy, (0.75 and 0.65 in
SK8C and SK9A, respectively) and higher overall eoaf layer 2 plagioclase
compared to SK9C and SK12A (Table, 5.11, Figuredf.3The molar Na@;

liberated with the decomposition of plagioclasebatindary 3, with lesser Na@

consumed in the production of K-feldspar layer 3SK9B (Figure 5.43) and
negligible NaQ@; in blocky Opx in SK12A (Figure 5.42), SKOA and SK9C,

suppresses negative Na fluxes substantially iretteggers.

The magnitude of K flux is only significant in SK9@able 5.11, Figure 5.30g,
Figure 5.44) where the K-feldspar layer 3 is présk®,,, input into the corona
occurs through metasomatic input at boundary 1383®.mol). Flux remains
essentially unchanged through layer 1 (+0.383 ranf} layer 2 (+0.379 mol), as
negligible KQ/, is consumed in producing phases comprising layensd 2. Molar

KOy, consumed in the production of layer 3 K-feldspacemds fluxes in layer 1
and 2 and induces nett diffusion of K&(negative flux) in the opposite direction

from quartz towards garnet in layer 3 (-0.025 muWith negligible molar K@;

consumed to produce blocky Qpat boundary 4, decomposition of K-feldspar

reduces negative K flux to zero over layer 4 (Fegbud4).
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MODEL Na (NaO,,,) FLUXES

SK12A

4 BOUNDARY I BOUNDARY 2 i, phase compositions,
(81, 182, (24-oxygen mole basis) Coefficients of phases at boundaries 1-4
Na Grt Crd Opx 51 Pi Opx Qtz Met ; Met
0.183| Grt 0.000 B(1) 1.000 0444  -0.452 1.000
’ wmotes consumep  0-188 MOLES LIBERATED: Crd 0.000 B(2) 0.112 0.018 0.124
IN REACTION AT B1 BOUNDARY 2 Opxsy  0.000 B(3) 0.022 -0.017
= -0.000 molar input Crd-out Pl 1.833 B(4) -1.391 3.918 1.000
] . A Opxy 0.000
st ‘molar input Opx,,-out
o Qtz 0.000
& Met 0.188
2 +0.000 '
= MOLES LIBERATED Met, /000
=] AT B1
=1 =
5 =
8 molar input Grt
= +
° molar input Met,
£
° +0.188 MOLES CONSUMED BOUNDARY 3 BOUNDARY 4
= IN REACTION AT B2 (83 C. /.
i
g -0.228
prost
£
wi
]
x
]
=
o
o
o MOLES CONSUMED
= MOLES LIBERATED: IN REACTION AT B3 NO MOLES
BOUNDARY 3 -0.000
-0.000 LIBERATED AT B4 A
molar input Pl-out A
0.000 (Opx, does not break down)
’ 0.000
MOLES CONSUMED
IN REACTION AT B4
+0.040 (Op, growth)
-0.040
LAYER 1 LAYER 2 LAYER 3
Grt Crd+Opx,, symplectite Pl blocky Opx, Qtz

Figure 5.42: Development of fluxes for Na@ over corona layers in SK12A.
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SK9B

MODEL Na (NaO,,,) FLUXES
4 BOUNDARY 1 BOUNDARY 2 -
1) (52) nix phase compositions,
(24-oxygen mole basis) Coefficients of phases at boundaries 1-5
0.694 Na Grt crd opx 3 Opx s; Kfs Opx Qtz Met ; Met ;
0.694 Grt 0.000 B(1) 1.000 -0.614 -0.259 1.000
MOLES CONSUMED MOLES LIBERATED: crd 0.000 B(2) 0.360 0.257 -0.470 -0.092
IN REACTION AT B1 BOUNDARY 2 Opxs, 0.000 B(3) 0.047 0173
5 -0.000 i "":"' £rdout Pl 1.863 B(4) 0.011 -0.011
5 molar input Opx,-out Opx s 0.000 B(5) -2.414 6.770 1.000
o Kfs 0.647
2— MOLES LIBERATED +0.000 Opx, 0.000
] AT B1 atz 0.000
=1 =
% molar input Grt Met, 0.694
e + Met , 0.000
©° molar input Met,
E MOLES CONSUMED
E +0.694 IN REACTION AT B2
Nt BOUNDARY 3 MOLES LIBERATED: BOUNDARY 5
‘a;{ -0.875 o3 BOUNDARY 3 -
o RIDLES ilERATED: molar input Pl-out
f—d . +
= BOUNDARY 3 MOLES CONSUMED MOLES CONSUMED
lar input Opx,,-out NO MOLES
§ molar input Pl-out INREACTION AT B2 ™!e" InPUt OP¥eo INREACTION AT BS LIBERATED AT B4
3 = i 'Opx, does not break down, o
2 P — 0.111 +0.007 0.000 (opx, ) 0.000 >
T 0.000
© -0.007
s} +0.286
= MOLES CONSUMED
IN REACTION AT B4
(Opx, growth)
-0.181
0.2 i
-zl |
- |
- |
LAYER 1 LAYER 2 LAYER 3 LAYER 4
Grt Crd +Opx,, symplectite Pi + Opx,, Ksp blocky Opx, Qtz

Figure 5.43: Development of fluxes for Nag over corona layers in SK9B.
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non molar input Opx-out molar input Opx,-out Opxs, 0.000 B(5) 2414 6.770 1.000
= Kfs 2352

Opx 0.000
< MD.LE; Lrn;iurm +0.000 +0.001 atz 0,000
'.En _ Met 0383
3 molar input Grt My e
= +
© molar input Met, MOLES CONSUMED
E IN REACTION AT B2
2 +0.383 -0.405
=
.
L MOLES LIBERATED:
= BOUNDARY 3
£ molar input Pl-out MOLES CONSUMED
o + IN REACTION AT B3 O MOLES
] R OB LIBERATED AT B4
3 = -0.000 (Opx, does not break down) -0.000
Y= -
3 | +0.025[ 0.000 g
2 -0.025
=

- -—
—_
-
LAYER 1 LAYER 2 LAYER 3 LAYER 4
Grt Crd+0px,, symplectite Pl + Opx,, Ksp blocky Opx, atz

Figure 5.44: Development of fluxes for K over corona layers in SK9B.
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5.3.5 Chemical potential gradients

The study of corona textures is predicated on thecept of local equilibrium
(Thompson, 1959, 1970; Korzhinskii, 1959). Localigfrium is attained in any
corona system when the chemical potential diffezerfzetween phases at any point
in a corona are equalized, i.e., chemical potemfiatlients approach zero for all
components in all phases (White et al., 2008, GirehtChapter 6). Early studies on
the evolution of corona textures as a consequeh@valving chemical potential
gradients began with the seminal work by Thompd®@%9, 1970) and Korzhinskii
(1959). Fisher (1973, 1977) and Joesten (1977) dbsed the mathematical
treatment of chemical potentials in coronas throinghdevelopment and application
of non-equilibrium thermodynamics to corona modejliAccordingly, it is possible
to reconstruct the prevailing chemical potentiaddients between local equilibria
across a corona and assess the extent of equdibittained (Appendix A).

The chemical potential gradient for a componentach layer is given by the
diffusion equation, with phenomenological diffusiooefficients relative to Si used

in the absence of absolute diffusion coefficients:

dun?* Leic:
< Ml) - _ SlSl]iq* eqn 53

dx Ly

Chemical potential gradients reflect the couplekhti@nship between component
flux and rate of diffusion and manifest as a comedion gradient for the

componentj. Chemical potential relationships across a growdogona layer are

most easily demonstrated in the binary system bmtwemponents 1 and 2 in
Figure 5.45. Variable intergranular diffusivitiepaticularly between Al, Fe and
Mg) partition the system into two distinct, tranmgiecompositional domains, A and
B, which are in local equilibrium with unique cheral potentials. The gradient in
chemical potentials between A and B drives diffasio the corona from A to B for

component 1 so as to equalize chemical potentrlsagtain equilibrium. The larger
the chemical potential gradient, the more matasaheeded to diffuse down the

chemical potential gradient more rapidly in ordaréquilibration to occur.
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Figure 5.45: Schematic plot demonstrating the natuiof chemical potential gradients during growth @& corona layer. The mole fraction of mineral
endmember z ranges from X = 0.6 to X = 0.3 acrdss ¢orona from A to B, reflecting a difference irhemical potentials in both component 1 and 2. For
clarity the chemical potential relationships for &n component 1 are demonstrated. The gradient ineofical potentials from A to B drives diffusion of
component 1 down the chemical potential gradientBdo equalize potentials. Chemical potentials aBAd B shift to reflect changing local bulk compdigin
as diffusion depletes component 1 at A and enriclkesnponent 1 at B. Diffusion ceases when the cheshjmotentials at A and B reach the equilibrium vau
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Components with the greatest chemical potentidifices are those wheﬁféf—i is

2

largest, i.e., the component diffuses slowly regktito Si, and where the
concentration gradient and, thus, component f]lﬂi‘()( is highest across a corona.
Model chemical potential gradients for each compbrie each corona from the
Steynskraal granulites are presented in Figure8 &ntl 5.47. Highest-magnitude
chemical potential gradients are observed for Alaih layers in all coronas,
consistent with intermediate to high componentdknand the fact that Al diffuses
most slowly relative to Si @is/Laa > 1 and highest in magnitude) compared to
other components. The steady increase in magniaidél chemical potential
gradients from layer 1 to layer 3 (Figures 5.46Gmd 5.47b) reflects the increasing
magnitude of Al flux across these layers whilgsiLaa remains constant. Fe
chemical potential gradients are next highest igmitade (Figures 5.46a-e and
5.47c). This is attributed to the large fluxes eflFin all layers from all coronas, up
to two orders of magnitude larger than the lowkst Eomponents in a corona (Na,
K in Figure 5.30), despite the very small L-ratifis F&* compared to other
components in all coronas (as low as 0.024 in SK@€#g Figure 5.26, Table 5.5-
5.9). Si chemical potential gradients are next égghn magnitude (Figures 5.46a-e
and 5.47a). They are unchanged in magnitude froftu@&s since kisfLsisi= 1. Mg
chemical potential gradients are marginally smalemagnitude than Si in general,
owing to the very small L-ratio (only Fe diffusesora rapidly) coupled with
intermediate magnitude fluxes (Figures 5.46a-e &ri¥d). Chemical potential
gradients for Ca, Na and K are comparatively muuhler than for Si, Al, Fe and
Mg (Figures 5.46a-e and 5.47e-g), reflecting thawrer flux magnitudes through all
layers and L-ratios that are &ll (Figure 5.30e-Q).

In general, chemical potential gradients are highemagnitude in SK8C for Si)
AlO3z;,, FeO and MgO components in all layers comparedlitaother coronas
(Figure 5.46a). The only exception is the Sghemical potential gradient in layer 1
and MgO gradient in layer 2, where SK12A exhibasger-magnitude chemical
potential gradients (Figure 5.46b). This is comsistwith the larger induced Si
fluxes in SK12A layers needed to accommodate thlke hodes of orthopyroxene in

the symplectite (see flux modelling Section 5.3.4).
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Figure 5.46: Model chemical potential gradients f@omponents in coronas SK8C, SK12A, SK!¢
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Figure 5.47: Model chemical potential gradients f@omponents in coronas SK8C, SK12A, SK¢
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Following SK8C, the SK12A model chemical potengeddients are next highest in
magnitude for the four major components §i@I03,, FeO and MgO. Chemical
potential gradients for SK9B and SK9A are slightiwer in magnitude but tend to
overlap to an extent in chemical potential spacgufié 5.46c¢, d). Chemical
potential gradients in SK9C appear to have beencestimost effectively with rapid
diffusion (Figure 5.46e), consistent with high mibet L-ratios (see Section 5.3.2)

and low component fluxes through all layers fosttwrona (see Section 5.3.4).

Figure 5.48 demonstrates the relationships betwesitive component flux, molar
content of component and negative chemical potential gradients. Negativ
chemical potential gradients are coupled with pesitfluxes in layers and
component diffusion from garnet toward quartz (eAlOsz,, FeO). Negative
chemical potential gradients increasing in magmtutticate progressively larger
fluxes of component diffusing comparatively more slowly §ls{L; > 1) towards
quartz, e.g., Al@-in all layers (case (a) in Figure 5.48). Negatikiernical potential
gradients decreasing in magnitude (e.g., FeO clampatential gradients in layer 2
and layer 3) are associated with progressively lem#lxes or molar amounts of
componenti diffusing comparatively rapidly dis/Li << 1) through layers towards
quartz to equalise chemical potentials, e.g., Fe@ldspathic layer 2 and blocky

Opx layers (case (b) in Figure 5.48).

Positive chemical potential gradients are generat@t diffusion from quartz
toward garnet (Figure 5.49). Positive, decreasaigmical potential gradients are
associated with diminishing negative fluxes in Isyand rapid diffusion, e.g., Mg in
layer 1 and 2 in all coronas (case (a), Figure)5.@9nversely, positive increasing
chemical potential gradients are consistent withtingely slow component diffusion
and increasing negative flux magnitudes, e.g.,%Qayer 1 and 2 in all coronas
(case (b), Figure 5.49).

380



Model fluxes in layer
(mol/mol reaction progress)

POSITIVE FLUX
MAGNITUDE INCREASING (e.g., AlO, ;)

e | k a5l
nlv] >ni'vk

Y MOLES CONSUMED
IN REACTION AT BOUNDARY

MOLES LIBERATED X
¥

IN REACTION AT BOUNDARY FLUX LAYER B

FLUX LAYER A

0.000 BOUNDARY 1 layer B (phase k)

b)

Model fluxes in layer
(mol/mol reaction progress)

POSITIVE FLUX
MAGNITUDE DECREASING (e.g., FeO)

Jj 1 k 1

ni 2 'U} < Tli = Vk
MOLES LIBERATED

IN REACTION AT BOUNDARY X

FLUX LAYER A

MOLES CONSUMED
Y IN REACTION AT BOUNDARY

FLUX LAYER B

0.000

BOUNDARY 1 layer B (phase k)

e

(mol/mol reaction progress) 8
o

Chemical Potential Gradients

o

(mol/mol reaction progress) 8
o

Chemical Potential Gradients

<

BOUNDARY 1 layer B (phase k)

CHEM POT GRAD
LAYER A

(Eﬂ)“' __Lasi

dx Ly

I

CHEM POT GRAD
4 LAYER B

NEGATIVE CHEMICAL POTENTIAL GRADIENT
MAGNITUDE INCREASING

BOUNDARY 1 layer B (phase k)

CHEM POT GRAD
LAYER B
v
CHEM POT GRAD dup\"  Lisi .
LAYER A (E) B _L_uh

(ﬂ)m _ _Lsm’]?.
dx Ly !

4

NEGATIVE CHEMICAL POTENTIAL GRADIENT
MAGNITUDE DECREASING

Figure 5.48: The relationship between positive conmgnt flux, molar content of component i and negadi chemical potential gradients. Details are dissad
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5.3.6 Chemical potential relationships and coronatsicture

Qualitative chemical potential (u-p) plots may tsedito augment model chemical
potential relationships to assist in characterizihg distribution of layers in the
coronas and compositional zonation within coronasels (Joesten, 1977, White et
al., 2008). The simplest chemical system to accdantcorona development is
NCFAS (NaQ,-CaO-FeO-AlQ,»-Si0,). Figure 5.50 (inset c) is a qualitative

Ureo — Usio,diagram in WhiChuAlo3/2, 1Nao, ), anduc,o are passive variables and

vary across the diagram according to Gibbs-Duheatioaships (White et al., 2004,
White et al., 2008). The method employed in gemegahe diagram is based on the
approach derived by Korzhinskii (1959) and emplopgdwhite et al. (2004) and
White et al. (2008). The angular relationships leetwreaction lines on the p-pu plot
were obtained from an orthogonal compatibility deéag for FeO/AlQ, and
SiO,/AIO3, immediately prior to reaction (inset a, Figure®.and post-reaction
(inset b, Figure 5.50) as in White et al. (2008pés in the p-p plot are orthogonal
to tie lines in the compatibility diagrams (Korzkki, 1959). Single-phase fields in
the compatibility diagrams (Figure 5.50a, b) ocasiffields in the p-u plot, tie-lines
as reaction lines and tie triangles as intersegbonts (White et al., 2008, Figure
5.50c). Only the topology of the p-pu plots can beagated by this method, i.e., the
relative positions of the two p-p plots in Figur®@ cannot be establishedRAT
space. However, White et al. (2008) demonstratatittte possible relative positions
of the two p-u plots can be inferred since onlyeayVimited relative topological

array of p-p plots accommodates the textural mtatiips observed in coronas.

In the Steynskraal granulite coronas, the pre-impagh-pressure and low-
temperature chemical potential relationships amvshin grey in Figure 5.50a and
the post-impact low-pressure, high-temperature atednpotential relationships are
shown in black in Figure 5.50b. Stable equilibriaghemical potentials for the post-
impact assemblage cordierite+plagioclase+orthommexare represented by the
black circle. The relative position of pre-impacidapost-impact topologies is that
required to generate the requisite corona mineyalog the observed spatial
sequence from CrdPl—-Opx under prevailing chemical potential gradients.

Variable intergranular diffusivities for major comments and different length scales
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of diffusion partition the incipient corona into ancompositions and metastable
equilibria, i.e., metastable garnet-quartz on theimpact portion of p-p space at
the garnet contact (black triangle) and metastatilopyroxene-quartz in the post-
impact p-p space (black square) at the quartz cprdgach in local equilibrium with
unique chemical potentials, between which chenpoaééntial gradients exist (grey
field). The metastable garnet contact domain liesigher [teo and lower g0z
compared to the stable chemical potentials in thelibrium cordierite, plagioclase
and orthopyroxene. Conversely, the metastable zjgaritact domain lies at higher
Usiozand lower geo The chemical potential gradient between thesemetastable
equilibria during incipient corona growth is repeeted by the dotted line in Figure
5.50c. Between these two extreme equilibria liesoatinuous spectrum of non-
overlapping compositional domains with intermedightemical potentials along the
chemical potential gradient. In order to equalizeteptials as equilibrium is
approached, Si®Omust diffuse down the chemical potential gradign quartz
toward garnet and FeO must diffuse from garnet tdvgauartz. In quantitative p-p
plots, the one-phase field can be contoured foreraincompositions (e.g., White et
al., 2008). The chemical potential gradient premgilduring the final steady-state
corona may be determined by matching the obsergedtion in corona phases with

mineral isopleths in quantitative p-p plots.

In reality, the chemical potential gradients arélmmeear as in Figure 5.50c owing to
differences in the relative diffusion rates, and thartitioning of the corona bulk
composition cannot be reflected as a linear contmibetween the two endmember
garnet-quartz and orthopyroxene-quartz compositiBapid FeO diffusion relative
to SiG, leads to preferential FeO depletion in bulk conmpmss adjacent to garnet
and FeO enrichment toward quartz. Chemical potegtadients are, thus, likely to
be asymptotic (Figure 5.51), giving rise to a mooenplex spatial array of corona

products inP-T space.
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Figure 5.50: Orthogonal compatibility diagrams for:(a) pre-impact chemical potential

relationships (in grey) and (b) post-impact chemiigaotential relationships (in black). Metastable
equilibria are represented by dotted lines. Orthogb compatibility diagrams are used to generate
(c) a qualitativepreg — Hsig, SeCtion in NCFAS. The metastable garnet-quartz giium, in the
pre-impact portion of p-pu space at the garnet cocta(black triangle) and metastable
orthopyroxene-quartz in post-impact p-yu space (lasquare) at the quartz contact, are
characterized by unique chemical potentials and aegied by a chemical potential gradient (grey
field). The spatial array of corona product phasesflecting the prevailing chemical potential
gradients is Crd»Pl—Opx from metastable garnet to quartz.
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At the start of corona formation (Figure 5.51a,X)z=partitioning of the corona band
owing to variable interganular diffusivities yieltl8o incipient metastable equilibria
at the garnet contact A and quartz contact B acdrdinuum of non-overlapping
bulk compositions with attendant chemical poteatalbng an asymptotic path from
A to D, where points B and C represent points om ¢bntinuum. Equilibrium

chemical potentials for the corona assemblage aghele are those at point
‘Equilibrium’ in Figure 5.51. The sequence of coadayers dictated by the incipient
chemical potential gradient grades from Crd (A;B) Pl (C) — Opx (D), with

mineral compositional zonation determined by isthigen p-p space.

With prolonged reaction, the path in mu-mu spacen@lwhich the chemical
potentials of the corona compositional continuuraless will depend on the rate at
which different local chemical potentials can beased (White et al., 2008). This
is a function of the relative fluxes for FeO and$ii.e., the amount of material
diffusing through the corona to equalize chemicaleptial gradients across the
corona (e.g., White et al., 2008) and relative gait diffusion for FeO and SiO
With incipient reaction, the change in FeO chempazibntials lags behind that of Si
owing to high FeO fluxes required for equalisatairchemical potentials despite a
relative diffusion coefficient an order of magnieuttigher than Si. The resultant
chemical potentials at A, B, C and D track to newsifions (indicated by yellow
symbols), adjusting to values okigk and [eo approaching those at equilibrium
(‘Equilibrium’ in Figure 5.51). The resultant traest chemical potential gradient is
represented by the dotted line in Figure 5.51b. difemical potentials of A shift to
the reaction line between the cordierite and ornghaxene one-phase fields, such
that orthopyroxene is stable with cordierite atddhe symplectite starts to form.
Chemical potentials at B, however, are still witlihre one-phase field in which
cordierite alone is stable. Monomineralic plagisel@and orthopyroxene will form at
C and D at the appropriate compositions dictatedsbpleths intersected by the
transient chemical potential gradient. The coronayel sequence is
Crd—0Opx—Crd—PIl—-0Opx.

With further reaction (t = 3, Figure 5.51c), Sidffusion, albeit less rapid than FeO,
deflects the chemical potentials further towardirtleguilibrium values and new
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transient chemical potentials defined by green syimfor A, B, C and D. Chemical
potentials at A evolve along the 2-phase reactinae in mu-mu space from the
yellow triangle to green triangle. Gradually, mqgueints along the continuum
between A and B track towards the two-phase readin® between cordierite and
orthopyroxene, such that the occurrence of Crd-©gxplectite grades into the
previously monomineralic Crd layer. The suppresssé of chemical potential
change for FeO owing to large requisite fluxestrnedato SiQ manifests as a
gradually more convex (compressed igoptdirection) transient chemical potential

gradient.

The final steady-state configuration of corona tayes demonstrated in Figure
5.51d. The chemical potentials approach equilibrivaiues (blue symbols), but
arrested reaction prevents complete equalizatigrotentials. More points along the
compositional continuum, including those at B, ndiw on the cordierite-

orthopyroxene two-phase field boundary and the $yatipe is near its maximum
thickness. Chemical potentials for plagioclased@d blocky orthopyroxene (D) are
frozen at values within the monomineralic phaskl$éieThe final transient chemical
potential gradient reflects the model chemical po&t gradients (Figure 5.47), i.e.,
a relatively flatter, lower-magnitude chemical putal gradient for Si@ compared

to FeO. An important conclusion is that the phasesoronas may very closely
approach equilibrium if diffusion has permitted abigation of chemical potentials
(as in SK9C) whilst still maintaining their spatiglegregation. As chemical
potentials are equalized with mass diffusion, thik ltompositions for A, B, C and
D will expand and approach the same bulk valuehiwitan encompassing

equilibration volume.
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Figure 5.51: Evolving chemical potential gradientnd corona structure with prolonged reaction
and variable diffusion rates. (a) Establishment mitipient chemical potentials with partitioning of
the corona bulk composition into local domains/etjbria. (b) With continued reaction, chemical
potentials evolve to new values approaching the ilguum chemical potentials for the corona as
a whole (Equilibrium). Orthopyroxene is stable witbordierite at A with new chemical potentials
(yellow triangle). SiQ chemical potentials shift marginally more rapidlghan Fe chemical

potentials.
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Figure 5.51 continued: Evolving chemical potentigradients and corona structure with prolonged
reaction and variable diffusion rates. (c) and (drogressive evolution of component chemical
potentials and spatial array of corona products litprolonged reaction as equilibration is

gradually approached. Details in text.
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5.3.7 Gibbs free energy gradients of corona phases

Diffusion modelling of coronas permits the calcidatof the Gibbs free energy of
the corona phases in layers (Joesten, 1977; Fi4bB&i; Ashworth and Sheplev,
1997; Appendix A). At equilibrium, at constaRt and T, for each phase in the
system, the Gibbs-Duhem equation relates the n®@labs free energyGy, of

mineralm, to the chemical potentials in the mineram,

S
Gy = Z Nim Ui eqn 5.4

i=1

Over a corona layeg, at equilibrium, the gradient in Gibbs free eneofya phase is

given by the equation (Joesten, 1977):

S

dGm d.ui

W = anma eqn 5.5
=

. .. . du; .
wheren;,, is the number of moles of componérmt 1 mole of minerain and% is

the model chemical potential gradient for compomnémtayerq.

Gibbs free energy gradients for phases in layerallircoronas are presented in
Figure 5.52. If a mineral is stable in local eduilim in layerq, the Gibbs free
energy gradient for that phase in laggeis zero, e.g., in all coronas the Gibbs free
energy gradients for orthopyroxene and cordientdayer 1 symplectite are both
zero. Highest-magnitude gradients in Gibbs freegnef phases in layers are due
to inherently large chemical potential gradients domponents in those phases in
the layer. The larger the gradient in Gibbs freergy for a phase in a layer, the
further that layer and the corona as a whole isydvean equilibrium. In general, the
Gibbs free energy gradients for all phases in Eyercorona SK8C greatly exceed
those of other coronas, indicative of the largesiation from overall equilibrium in
the corona. Lowest Gibbs free energy gradientpli@ses in layers are observed in
SKO9C, indicative of enhanced equalization of cheinpotentials and, hence, greater

equilibration in this corona.
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SK12A, SK9B and SK9A exhibit intermediate Gibbsefrenergy gradients, with
similar gradients in SK9A and SK9B. SK12A gradieapgproach those of SK8C but

are generally lower in magnitude.

The Gibbs free energy gradients for blocky orthoggne (Opy¥) show anomalous
trends in layer 2 in all coronas except SK9C. SK&3 a lower gradient than
SK12A, SK9A and SK9B, despite consistently highleeraical potential gradients
for all components over this layer compared to ottw@onas. This is because the
composition of Opxin SK8C is such that the nett contribution of eaomponent’s
chemical potential gradient (negative and posititcethe total Gibbs free energy

gradient for the phase in layer 2 approaches zero.

5.3.8 Stability Criterion

Before a diffusion model is accepted as a vialierpretation of a layer sequence, a
basic thermodynamic criterion, as defined by Ashiwand Sheplev (1997), must be
satisfied. The full derivation of the stability tiion after Ashworth and Sheplev
(1997) is included in Appendix A, and only the nragmuations are summarised

below.

The stability criterion is based on the principhat; in a layer where miner&lis
absent, the intergranular diffusion medium showtlbe supersaturated with respect
to k (Ashworth and Sheplev, 1997Yhe Gibbs free energy of a mineral is

determined from the equation:

S
Gy = z Nig Ui eqn 5.4

i=1

Ashworth and Sheplev (1997) formulated an analogquantity defining the

saturation state of the intergranular medium (IGWth respect to minerdd as:

s
GitM = Z Nix i eqn 5.6

i=1
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The intergranular medium may be a fluid, but tleisrt is also valid for a disordered
grain boundary medium in fluid-absent conditionsi#orth and Sheplev, 1997) or

a melt-laden grain boundary medium.

At local equilibrium, the chemical potential of Gamomponent in the minerimust

be equal to the chemical potential of the respeativmponent in the intergranular
medium (Ashworth and Sheplev, 1997). The equalifycbemical potentials
constrainsG, = Gi°M. If G, < GI™, the interganular medium is super-saturated
with respect tok and, wherevek is absent,G, > G (Ashworth and Sheplev,
1997). The variation inG;““across a layer in a corona is dependent on layer
thickness and chemical potential gradients. Ashwanid Sheplev (1997) derived an
equation allowing the calculation of differences@jf"across layers in a corona
(see Appendix A):

q-1 d
Nik h”( Ml) eqn 5.7

i=1 r=1

(G = (GIE)

Mcn

As a basic constraint in the model,

S
du
Znikd_l;cl =0 eqn 5.8

i=1

Consequently[(Gi¢™)4 — (GI™)]* has a constant value in all layers where k is
present, i.e[G, — (GI™)']* (Ashworth and Sheplev, 1997). The stability citier

is satisfied if[(Gi°™)4 — (Gi°™)]* at all boundaries is less than the constant value
(Ashworth and Sheplev, 1997). Subtracting the emsvalue [G, — (Gi¢M)]*
from [(GieM)2 — (GI*M)]* yields [(GL™)9 — G,]*. A layer sequence is stable if

(G = G ]" < 0.

The quantity{(Gi°™)? — G,]* for phases across layers in the coronas investgat
plotted in Figure 5.53a-g. In all coronas, the #itgbcriterion is satisfied for all
phases, i.e[(Gi™)4 — G,]* < 0. The magnitude of(G.*)? — G,]* is smallest in

SKOC in all layers for all phases. Apart from blgakthopyroxene (Opy, SK8C
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exhibits the largest difference i{(GL™)9 — G,]* for garnet, quartz, cordierite,
symplectite orthopyroxene and plagioclase, consistgth higher-magnitude free
energy gradients for these phases in this corenernhediate values ¢fG:¢")7 —

G,]* for phases in other coronas reflect the fluctypfiree energy gradients as a

function of phase composition and respective chahpiatential gradients.

5.3.9 Non-equilibrium thermobarometry

The existence of chemical potential gradients acthe coronas examined in this
study (Section 5.3.5) prevents the applicationafventional thermobarometry that
is predicated on the assumption that all minenasraequilibrium with zero affinity
for reaction (cf. Perchuk et al., 2002). An innovatextension to conventional
thermobarometry to accommodate minerals separatedchemical potential
gradients has been derived by Ashworth et al. (ROBbstead of constraining the
region in P-T space where endmember reaction affinities definanglocal
equilibrium are zero, this technique isolates ragiin P-T space where ratios in
end-member reaction affinities obtained from corenadelling correspond with
respective end-member reaction affinity ratios wmigtd independently from the
internally consistent thermodynamic database ofladdl and Powell (1998,
November 2003 upgrade). A major assumption in repnlierium thermobarometry
is that of approximate constancy of prevailiRgand T during corona formation.
Ashworth and Sheplev (1997) argued that this isasenable assumption for most
coronas. The detailed derivation of the non-equiilin thermobarometric technique

is included in Appendix A (Ashworth et al., 200hdas summarized below.

Endmember reaction affinity is evaluated at two rmtary locations: boundary 1
(case A) and boundary 5 (case B) (Ashworth et28l01). The average composition
of a phase comprising endmembpéan local metastable equilibria at location A or B
is known and this provides a reference locatiorttierchemical potentiali(*). The
difference inyu;* between the reference location and any point & ¢brona
(typically, A or B) will give rise to a chemical pmtial gradient and reaction

affinity. The reference locations are defined getaboundaries for convenience in
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calculation such that the chemical potential défee foru;* is the sum of
differences across layers (Ashworth et al., 2001he reference boundary @ and
the boundary at which affinity is evaluated ds then differences in chemical
potentials across the corona are yielded by tHewiitlg expressions, wherv€™* are

the model layerr{ thicknesses (after Ashworth et al., 2001):

q-1

. * % d‘u r*_
=) == 2w () ra<a emsoa
T‘=q]'
q;-1 d Tr*
=) = T (&) wama s
r=q

Differences inu;* for each end-member across each corona layeinane ip Tables

5.12-5.16.

The model reaction affinity for each end-memberctiea k, where v, is the

stoichiometric coefficient of each end-memfes given by (Ashworth et al., 2001):

(—AG); = Z op (W —u?) eqn5.10

]

In all coronas, boundary 1 is the reference locatior garnet, cordierite and
symplectite orthopyroxene (Og). Boundary 4 in SK8C, SK12A, SK9A and SK9C
is the reference location for quartz and blockyhoptyroxene (Opy. Boundary 5 is

the reference location for quartz and blocky orgmogene in SK9B. The reference
boundary for plagioclase is either boundary 2 auralary 3, depending on which

boundary is nearest to the boundary at which a§fisievaluated.

In case A, reaction affinity is evaluated at bouydj i.e., the garnet contact (Figure
5.54). Phases absent from boundary 1 and contndpti reaction affinity are quartz
and plagioclase. The end-member absent is anodhiethe reference location is

the nearest boundary at which it is present,b@undary 2.
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EVALUATION OF REACTION AFFINITY AT BOUNDARY 1
(CASE A, g=1)

(-AG); = Z ve(u? — ) + z v (¥ — u

Jj=an Jj=qtz
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EVALUATION OF REACTION AFFINITY AT BOUNDARY 4
(CASE B, g=4)
(-AG); = Z vj, k(#] _I"l;) + Z v, R("‘) _uj) + Z Y k('u; _uj
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Figure 5.54: Evaluation of reaction affinity at refrence boundary A (&) and B (g<q). Details
are explained in the text.
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Sinceq; > q, calculation of(—AG), for endmember reactiok at boundary 1 or

location A reduces to:

(-AG);, = Z v(n? —ud) + Z V(= )’

j=an j=qtz

(_AG); = van,k(ﬂczm - .utlzn)* + vqtz,k(ﬂgtz - ﬂclztz)

2— 4-1 d r
(_AG)Z = Vank Z h" (_) + Vqtz,k Z h™ (%)
r=1 r=1 X

In case B (Figure 5.54), reaction affinity is ewkd at the quartz contact, i.e.,
boundary 4 for SK8C, SK12A, SK9A, SKOC, and bougdarfor SK9B. Phases
absent from this boundary and contributing to fieacaffinity include cordierite,
garnet and plagioclase. The reference locatiorcdodierite and garnet is boundary
1 and the reference location for plagioclase isnbawy 3. In this instancey < g,
such that end-member reaction affinity at boundiaoy location B reduces to:

(—AG);, = Z v — ) + Z v = )
j=crd,fcrd, j=prp,alm,
mncrd grs,sps

+ Z v =)

N S O (s K SR (TR A SR (TR ¥

j=crd,ferd, j=prp,alm, j=an
mncrd grs,sps
q-1 % q-
* T* d ' ' r* d'u']
(_AG)k = _vj,k h dx _V]k
j=crd,ferd, r=qj j=prp,alm, r=q
mncerd grs,sps
du
oYy ()
j=an r=qj
3 T* 3 ¥
du; du;
i 3 ey S e
( )k . J,k dx . j.k dx
j=crd,ferd, r=1 j=prp,alm, r=1
mncrd grs,sps
+ 3oy ()
Ik dx
j=an
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Table 5.12: SK8C : Chemical potential relationshipgor components and en-members across corona layer

Model chemical potential gradients for componentsni layers 1 to 3 (mol mineral/mol reaction progress)

hr* (10”*m%mol )
Layer 1 1.009373
Layer 2 0.156274
Layer 3 0.896378

Si Al Fe' Fe*'
0.24463 -0.3875 0.010333 -1.0904
0.48405 -1.2491 0.055867 -1.238
0.43037 -2.087 0.045605 -1.1681

Model chemical potential differences for componentacross layers (fYmol): h™(du;/dx)"™

Si Al Fe Fe* Mn Mg
Layer 1 0.000025 -0.000039 0.000001 -0.000110 -0.000004 000%7
Layer 2 0.000008 -0.000020  0.000001 -0.000019 -0.000001 OOOM4
Layer 3 0.000039 -0.000187 0.000004 -0.000105 -0.000003 00032

Model chemical potential differences for endmemberacross layers(m®mol): h™(dp;/ dx)r*

alm prp grs sps crd ferd
Layer 1 -0.000334 0.000166 -0.000019  -0.000016 0.000080 000253
Layer 2 -0.000074  -0.000004 -0.000016  -0.000018  -0.0000320.000079
Layer 3 -0.000573  -0.000164  -0.000261  -0.000269  -0.0004920.000765

Model chemical potential differences for componentfrom boundary 1 at boundary g (nf/mol)

Si Al Fe* Fe** Mn Mg
Boundary2 ~ 0.000025  -0.000039  0.000001  -0.000110  -0.000004 00057
Boundary3 ~ 0.000032  -0.000059  0.000002  -0.000129  -0.000005 0001
Boundary 4  0.000071  -0.000246  0.000006  -0.000234  -0.000008 00092

Model chemical potential differences for endmemberfrom boundary 1 at boundary g (nf/mol)

1
Boundary 2 Z W (dpj/dx)”
r=1
2
Boundary 3 Z h”(du,-/dx)r*
r=1
3
Boundary 4 Z hr*(d,uj/dx)r*
r=1

alm prp ars sps
-0.000334 0.000166 -0.000019 -0.000016
-0.000409 0.000162 -0.000035 -0.000034
-0.000981 -0.000002 -0.000296 -0.000303

Mg Ca Na
-0.038528.56135 -0.072851 -0.2052
-0.040240.26225  0.0040883
-0.038976.35285 -0.013864
Ca Na K
-0.000007 -0.000021 -0.000001
0.000000 0.000001 0.000000
-0.000001 0.000000 0.000000
mncrd en fs
-0.000041 0.000163 -0.000171
-0.000042 0.000023 -0.000024
-0.000562 0.000140 -0.000132
Ca Na K
-0.000007 -0.000021 -0.000001
-0.000007 -0.000020 -0.000001
-0.000009 -0.000020 -0.000001
crd ferd mncrd en
0.000080 000253 -0.000041  0.000163
0.000048 000332 -0.000082  0.000186
-0.000440.001097 -0.000645

0.061038
0.0003096

0.000326

-0.008

0.0023334
-0.0000236

mgts
0.000003

fs

-0.000171

-0.000194

-0.000327

an qtz
-03®0
-0.000027 006D24
-0.000304 006298

-0.000334
-0.000074
-0.000573

mgts an

0.000003
-0.000024 0209

-0.000328 000@81

atz

-390 0.000166

0.000162

-0.000002
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Table 5.13: SK12A : Chemical potential relationshig for components and end-members across corona lage

Model chemical potential gradients for componentsni layers 1 to 3 (mol mineral/mol reaction progress)

hr* (10“m%mol ) Si Al Fe* Fe**
Layer 1 1.063224 0.322560 -0.400460 0.102460 -0.912850
Layer 2 0.103440 0.410680 -0.811690 0.117130 -0.983900
Layer 3 0.924680 0.372770 -1.107500 0.120680 -0.953840

Model chemical potential differences for componentacross layers (fYmol): r*(dp,/dx)™

Si Al Fe** Fe?* Mn Mg
Layer 1 0.000034  -0.000043  0.000011  -0.000097  0.000000 0040
Layer 2 0.000004  -0.000008  0.000001  -0.000010  0.000000  00@®
Layer 3 0.000034  -0.000102  0.000011  -0.000088  0.000000 003D

Model chemical potential differences for endmemberacross layers (ffmol): a"(dp;/dx)"

alm

prp grs crd ferd mgts
Layer 1 -0.000273  0.000158 -0.000001 0.000095 -0.000193 000@O4
Layer 2 -0.000035  0.000006 -0.000004  -0.000006 -0.000033 .006m09
Layer 3 -0.000366  -0.000004  -0.000105  -0.000172 -0.0004140.000138

Model chemical potential differences for componentfrom boundary 1 at boundary g (n¥/mol)

Si Al Fe** Fe?* Mn Mg
Boundary 2 0.000034  -0.000043  0.000011  -0.000097  0.000000 0040
Boundary 3 0.000039  -0.000051  0.000012  -0.000107  0.000000  OO0%M
Boundary 4 0.000073  -0.000153  0.000023  -0.000195  0.000000  00%®

Model chemical potential differences for endmemberfrom boundary 1 at boundary g (nt/mol)

alm prp grs crd
Boundary 2 i hr(du;/dx)” -0.000273 0.000158 -0.000001 0.000095
Boundary 3 i hr(dpj/dx)” -0.000308 0.000164 -0.000005 0.000089
Boundary 4 i hr (du;/dx)” -0.000674 0.000160 -0.000110 -0.000083

Mn Mg
00m» 0.441200
00@m» 0.322600
00m» 0.350590
Ca Na
-0.000009 -0.000011
0.000000 0.000000
-0.000002 0.000000
en fs
0.000162 -0.000126
0.000015 -0.000012
0.000134 -0.000107
Ca Na
-0.000009 -0.000011
-0.000010 -0.000011
-0.000011 -0.000011
ferd mgts

-0.000193 006m04

-0.000226 000013

-0.000639 .00a151

Ca
-0.088919
-0.005474
-0.020056

K
0.000000
0.000000
0.000000

an
-0.000026
-0.000008
-0.000138

K
0.000000
0.000000
0.000000

en

0.000162

0.000178

0.000311

Na K
-0.103400 -0.003000
0.021981 0.000482
-0.000266 -0.000136

gtz

0.000034

0.000004

0.000034

fs an
-0.000126 -0.000026
-0.000137 -0.000034
-0.000245 -0.000172

atz

0.000034
0.000039

0.000073
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Table 5.14: SK9A : Chemical potential relationshipsor components and end-members across corona layer

Model chemical potential gradients for componentsni layers 1 to 3 (mol mineral/mol reaction progress)

hr* (10*m%mol ) Si Al Fe* Fe? Mn
Layer 1 1.052060 0.122490 -0.133930 0.065636 -0.263110  00@D
Layer 2 0.116439 0.174050 -0.405390 0.086185 -0.297410 (010]() 1]
Layer 3 1.341394 0.141280 -0.660940 0.107740 -0.264390 (010]() ()]
Model chemical potential differences for componentacross layers (fYmol): r™ (du;/dx)"™
Si Al Fe** Fe? Mn Mg Ca
Layer 1 0.000013  -0.000014  0.000007  -0.000028  0.000000 001D  -0.000007
Layer 2 0.000002  -0.000005  0.000001 -0.000003 0.000000 00@D  0.000000
Layer 3 0.000019  -0.000089  0.000014  -0.000035  0.000000 00I®  -0.000002
Model chemical potential differences for endmemberacross layers (fYmol): ™ (dp;/dx)"
alm prp grs crd ferd mgts en
Layer 1 -0.000073  0.000047  -0.000003  0.000032 -0.000047 000D03  0.000050
Layer 2 -0.000014  -0.000001  -0.000003  -0.000007  -0.0000160.000007 0.000006
Layer 3 -0.000227 -0.000082 -0.000125 -0.000234 -0.0003310.000146 0.000063
Model chemical potential differences for componentfrom boundary 1 at boundary g (n¥/mol)
Si Al Fe** Fe** Mn Mg Ca
Boundary 2 0.000013 -0.000014 0.000007 -0.000028 0.000000 O00I® -0.000007
Boundary 3 0.000015  -0.000019  0.000008  -0.000031  0.000000 0O0I® -0.000007
Boundary 4 0.000034  -0.000107 0.000022  -0.000067  0.000000 00Z® -0.000009
Model chemical potential differences for endmemberfrom boundary 1 at boundary g (nt/mol)
alm prp grs crd ferd
1
Boundary 2 Z h’*(du,-/dx)r* -0.000073 0.000047 -0.000003 0.000032 -0.000047
r;l
Boundary 3 Z R (dp; /dx)” -0.000086 0.000046 -0.000006 0.000025 -0.000063
r§1
Boundary 4 Z R (dp; /dx)“ -0.000313  -0.000036 -0.000131 -0.000209 -0.000394

r=1

Mg
0.114540
0.068342
0.095274

Na
-0.000010
0.000001
0.000000

fs
-0.000030
-0.000003
-0.000033

Na
-0.000010
-0.000009
-0.000009

mgts

00em03

00610

0.000155

Ca
-0.064586
0.014080
-0.016276

K
0.000000
0.000000
0.000000

an
-0.000009
-0.000005
-0.000142

K
0.000000
0.000000
0.000000

en

0.000050

0.000056

0.000119

Na
-0.092800
0.059651
-0.000196

atz
0.000013
0.000002
0.000019

fs

-0.000030

-0.000032

-0.000065

K

-0.004000
0.002574
-0.000007

an

-0.000009

-0.000014

-0.000156

qtz

0.000013

0.000015

0.000034
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Table 5.15: SK9B : Chemical potential relationshipgor components and end-members across corona layer

Model chemical potential gradients for componentsni layers 1 to 3 (mol mineral/mol reaction progress)

hr* (10“m%mol ) Si Al Fe* Fe?* Mn Mg
Layer 1 0.598881 0.096827 -0.090947  0.005350 -0.146630 00@® -0.002541
Layer 2 0.351689 0.184390 -0.384510 0.011550 -0.200940 OO@® -0.090766
Layer 3 0.174871 0.193800 -0.637910 -0.009330 -0.211220 000@O -0.101690
Layer 4 1.597822 0.180630 -0.679210 -0.005737 -0.208720 000@O -0.099052
Model chemical potential differences for componentacross layers (fYmol): r*(dp,/dx)™
Si Al Fe* Fe?* Mn Mg Ca
Layer 1 0.000006 -0.000005 0.000000 -0.000009 0.000000 OO@D -0.000005
Layer 2 0.000006 -0.000014 0.000000 -0.000007 0.000000 06c0@B 0.000001
Layer 3 0.000003 -0.000011 0.000000 -0.000004 0.000000 OCO@R2 0.000000
Layer 4 0.000029 -0.000109 -0.000001 -0.000033 0.000000 006em16 -0.000002
Model chemical potential differences for endmemberacross layers (fYmol): ™ (dp;/dx)"
alm prp grs sps crd ferd mncrd
Layer 1 -0.000020 0.000006  -0.000003  0.000007 0.000007 06010  0.000007
Layer 2 -0.000029  -0.000017  -0.000006  -0.000008  -0.0000280.000036  -0.000022
Layer 3 -0.000023  -0.000017  -0.000012  -0.000012  -0.0000310.000035  -0.000028
Layer 4 -0.000231  -0.000178  -0.000134  -0.000130  -0.0003210.000356  -0.000290
Model chemical potential differences for componentfrom boundary 1 at boundary g (n¥/mol)
Si Al Fe® Fe?* Mn Mg Ca
Boundary 2 0.000006 -0.000005 0.000000 -0.000009 0.000000 OO@D -0.000005
Boundary 3 0.000012 -0.000019 0.000001 -0.000016 0.000000 06c0@B -0.000004
Boundary 4 0.000016 -0.000030 0.000001 -0.000020 0.000000 06045 -0.000004
Boundary 5 0.000045 -0.000139 0.000000 -0.000053 0.000000 0021 -0.000006

Model chemical potential differences for endmemberfrom boundary 1 at boundary g (nt/mol)

Boundary 2
Boundary 3
Boundary 4
Boundary 5

Yoy (dpy/dx)”
Y2y b (dpy/dx)”
Yoy b (dpy/dx)”

Foy T (dpy/dx)”

alm prp grs
-0.000020  0.000006
-0.000049 -0.000011
-0.000072  -0.000029
-0.000302 -0.000207

sps crd

ferd

-0.000003  0.000007  0.000007 0OeOIO
-0.000009 -0.000001 -0.00002D.000046
-0.000021 -0.000013 -0.00005D.000081
-0.000155 -0.000144 -0.000374€.000438

Ca
-0.080548
0.025002
-0.010148
-0.010111

Na
-0.000008
0.000001
0.000000
0.000000

en
0.000011
0.000007
0.000003
0.000026

Na
-0.000008
-0.000007
-0.000007
-0.000007

mncrd
0.000007
-0.000014
-0.000042
-0.000332

Na
-0.138730
0.036329
0.001395
0.000021

K
-0.000003
-0.000002
0.000000
0.000000

fs
-0.000006
-0.000001
-0.000001
-0.000009

K
-0.000003
-0.000005
-0.000005
-0.000005

en
0.000011
0.000018
0.000021
0.000047

-0.057427
-0.056934
0.003732
-0.000012

mgts
-0.000005

an gtz
-0@O00 0.000006

-0.000024 00613 0.000006
-0.000021 00616 0.000003
-0.000204 00e161 0.000029

fs
-0.000006
-0.000007
-0.000008
-0.000017

mgts an

atz

-0.000005  -0@HOO 0.000006

-0.000029 0017
-0.000050 00e@33
-0.000254 0001.94

0.000012
0.000016
0.000045
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Table 5.16: SK9C : Chemical potential relationshipgor components and end-members across corona layer

Model chemical potential gradients for componentsni layers 1 to 3 (mol mineral/mol reaction progress)

Layer 1
Layer 2
Layer 3

Model chemical

hr* (10*m%mol ) Si Al Fe** Fe?* Mn
0.862118 0.026335 -0.028410 -0.213080 -0.046999 018339
0.128363 0.032398 -0.058548 -0.221900 -0.051469 0217011
0.280986 0.031726 -0.061785 -0.224820 -0.053474 021369

potential differences for componentacross layers (Ymol): k™ (d;/dx)™

Layer 1
Layer 2
Layer 3

Model chemical

Si Al Fe* Fe?* Mn Mg
0.000002  -0.000002  -0.000018  -0.000004  -0.000002 000DO2
0.000000  -0.000001  -0.000003  -0.000001  0.000000 000@O
0.000001  -0.000002  -0.000006  -0.000002  -0.000001 00CGOO

potential differences for endmemberacross layers (MYmol): r™(dp;/dx)"

Layer 1
Layer 2
Layer 3

alm prp grs sps crd ferd
-0.000010 0.000008 -0.000001 -0.000003 0.000005 006wO7
-0.000002 0.000000 0.000000 -0.000001 0.000000  OcO@2
-0.000005 0.000001 -0.000001 -0.000003 -0.000001 .006MO5

Mg
0.022767

0.018150
0.017614

Ca
-0.000002

0.000000
0.000000

mncrd
-0.000002

-0.000001
-0.000004

Ca
-0.018841

-0.003624
-0.000686

Na
-0.000003

0.000000
0.000000

en
0.000008

0.000001
0.000003

Na

-0.031502
-0.004799
0.000000

K
0.000000

0.000000
0.000000

fs
-0.000004

0.000000
-0.000001

Model chemical potential differences for componentfrom boundary 1 at boundary g (mol mineral/mol reaction progress)

Si Al Fe* Fe?* Mn Mg Ca Na K
Boundary 2 0.000002 -0.000002 -0.000018 -0.000004 -0.000002 00002 -0.000002 -0.000003 0.000000
Boundary 3 0.000003 -0.000003 -0.000021 -0.000005 -0.000002 00002 -0.000002 -0.000003 0.000000
Boundary 4 0.000004 -0.000005 -0.000028 -0.000006 -0.000002 000mO3 -0.000002 -0.000003 0.000000
Model chemical potential differences for endmemberfrom boundary 1 at boundary g (nt/mol)
alm prp grs sps crd ferd mncrd en
Boundary 2 Zhr*(du,/dx)” -0.000010 0.000008 -0.000001 -0.000003 0.000005 006mO7 -0.000002 0.000008
Boundary 3 Zhr*(du,/dx)” -0.000012 0.000008 -0.000002 -0.000004 0.000005 00609 -0.000003 0.000010
Boundary 4 Zh**(du,-/dx)r‘ -0.000018 0.000009 -0.000003 -0.000007 0.000004 00614 -0.000007 0.000013

K

-0.002607

-0.000397

0.000000

mgts an qtz

-0.000001 00D 0.000002

-0.000001 -0@DOO0 0.000000

-0.000002 Oe@@2 0.000001
fs mgts an
-0.000004  -0.000001 ©OOD
-0.000004  -0.000002
-0.000005 -0.000004 ©CDOO

atz
0.000002

0.000003

0.000004
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Model reaction affinities and ratios between moeled-member reaction affinities,
i.e., Q-ratios, are reported in Table 5.17. End-tmemreactions differ slightly
between the coronas, accommodating subtle diffeenin average mineral
composition from each corona. Some Q-ratios arg gensitive to variation in
composition of phases within and between corona$ the same end-member
reaction ratios may vary widely. This is exemptifiey Q-ratio 1a/4a for SK9A and
SK9B, where la/4a = -3.680 in SK9A and -10.810Ki®B (Table 5.17). Similarly,
the same Q-ratio evaluated at site B in SK9B (Lpyddids -0.242. In contrast, other
Q-ratios are less sensitive to compositional vemaand, thus, are slightly more
robust, e.g., 2a/3b and 1a/3b (see Table 5.17).pGsitional sensitivity may limit
the use of some Q-ratios in modelling insofar &y tnay be equally vulnerable to
uncertainties in the data (Ashworth et al., 200hd anay prevent accurate
correlation with real end-member reaction affirstigalculated from Holland and
Powell, 1998; November 2003 upgradePHT space.

Real end-member reaction affinities were determiinech the internally consistent
database of Holland and Powell (1998; November 2008rade) at a range of
pressures from 1 to 5 kbar and 500 - 1200 °C usdmmges Connolly’'s Perplex
application, Frendly vyww.perplex.ethz.ch)Ratios of real end-member reaction
affinities are compared with model affinity rati¢g@-ratios). A line inP-T space
may be defined along which equality between ratbseal and model reaction
affinities is attained. These lines should intersaica point within error, which
defines the predominafandT prevailing during corona formation. Figures 5.55 -
5.59 areP-T grids for Q-ratio lines of equality between modet real end-member
reaction affinities for all coronas. In Figure 5.3he P-T grid for SK8C, there
appears to be a clustering of Q-ratio intersectian350 °C and 2.75 kbar and a
broad, smeared cluster at ~620 °C and 3.5 kba®KIh2A (Figure 5.56), there are
two poorly constrained Q-ratio clusters at ~ 780at@ 2.5 kbar and ~ 700 °C and
3.1 kbar. SK9A and SK9B exhibit very loosely-coasted Q-ratio clusters at 620
°C and 1.6 kbar in SK9A and 550 - 580 °C and 1105kbar in SK9B (Figure 5.57;
Figure 5.58). Similarly, two poorly constrained gi#o clusters occur at 640-660 °C
and 780 °C at 2 kbar in SK9C (Figure 5.59).
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The smeared nature of clusters toward lower teny&s and lower pressures
(particularly in SK9 coronas) may be attributeghtmrly constrained Q-ratios T
space owing to uncertainties in the SEM composiliaata acquired for coronas. It
has been demonstrated that some Q-ratios are elyresmnsitive to compositional
variation and uncertainties in the data (e.g., @ahil7, Ashworth et al., 2001).
Resulting erroneous Q-ratios mean that the intémsebetween model and real end-
member reaction affinity ratios is either not reael or is shifted inP-T space
relative to other Q-ratio lines of equality, givimise to a spread of Q-ratio
intersections. Ashworth et al. (2001) encounterechilar difficulties when
constraining non-equilibriumP, T estimates for coronas developed betwee
orthopyroxene and plagioclase from the Yenisey Ridgjberia (Chapter 3). Non-
equilibrium thermobarometric estimates could bénegf significantly with detailed
EMP analysis of corona phases and this is recometefar future work on the

Vredefort coronas.

n
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Table 5.17: Model independent end-member reactionfénities

SK8C

Reaction (k):
1) 2prp + 3qtz = crd + 2en

2) 2mgts + 3qtz = crd

3) 2alm + 3qtz = fcrd + 2fs

4) 3an + fs = grs + fcrd

5) 3an +en=grs + crd

1b/2b
1b/3b
1b/4b
1b/5b
2b/3b
2b/4b
2b/5b
3b/4b
3b/5b
4b/5b
la/2a
la/3a
la/da
la/5a
2a/3a
2alda
2a/5a
3a/da
3a/5a
4a/5a
la/ib
la/2b
la/3b

Q-ratios:
0.992
-0.509
0.884
-2.844
-0.513
0.891
-2.867
-1.738
5.59
-3.217
1
1
-1.957
-1.957

-1.957
-1.957
-1.957
-1.957

-0.483
-0.479
0.245

(—=AG);
(m*mol)

A B
0.000213  -0.000440
0.000213 -0.000444
0.000213  0.000866
-0.000109 -0.000498
-0.000109  0.000155

la/db -0.427
1a/5h 1.372
2a/lb -0.483
2a/2b  -0.479
2a/3b 0.245
2a/4b  -0.427
2a/5b 1.372
3a/lb  -0.483
3a/2b -0.479
3a/3b 0.245
3a/db -0.427
3a/5b 1.372
4a/lb 0.247
4a/2b 0.245
4a/3b -0.125
4a/4b 0.218
4a/5b -0.701
5a/1b 0.247
5a/2b 0.245
5a/3b  -0.125
5a/db 0.218
5a/5b  -0.701

SK12A

Reaction (k):

1) en + mgts = prp

2) 2prp + 3qtz = crd + 2en

3) 2alm + 3qtz = ferd + 2fs

4) 2prp + grs + 3qtz = 3an + 3en

5) 3an + fs = grs + fcrd

1b/2b
1b/3b
1b/4b
1b/5b
2b/3b
2b/4b
2b/5b
3b/4b
3b/5b
4b/5b
la/2a
la/3a
la/da
la/5a
2a/3a
2alda
2a/5a
3a/da
3a/5a
4a/5a
la/ib
la/2b
la/3b

Q-ratios:
-0.397
0.226
-0.257
-0.476
-0.57
0.648
1.199
-1.137
-2.106
1.852

0
0
0
0

1
0.737
-2.806
0.737
-2.806
-3.806

(—=AG);
(m¥mol)
A B
0 0.00016
0.000219 -0.000404
0.000219  0.000709
0.000297 -0.08062
-0.000078  -0.000337
la/db 0
1a/5h 0
2a/lb 1.367
2a/2b -0.543
2a/3b 0.309
2a/4b -0.351
2a/5b -0.651
3a/lb 1.367
3a/2b -0.543
3a/3b 0.309
3a/db -0.351
3a/5b -0.651
4allb 1.854
4a/2b -0.736
4a/3b 0.419
4alab -0.477
4al5b -0.883
5a/1b -0.487
5a/2b 0.193
5a/3b -0.11
5a/4b 0.125
5a/5b 0.232
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Table 5.17 continued: Model independent end-membeeaction affinities

Reaction (k):

SK9A

1) 2prp + 3qtz = crd + 2en

2) 2mgts + 3qtz = crd

3) 2alm + 3qtz = ferd + 2fs

4) 3an + fs = grs + fcrd
5) 2prp + 9an + 3fs = 3grs

+ 2alm + 3crd

1b/2b
1b/3b
1b/4b
1b/5b
2b/3b
2b/4b
2b/5b
3b/4b
3b/5b
4b/5b
la/2a
la/3a
la/da
la/5a
2a/3a
2al4a
2a/5a
3alda
3a/5a
4a/5a
la/lb
la/2b
la/3b

0.652
-0.134
1.364
0.455
-0.205
2.094
0.698
-10.206
-3.402
0.333
1.000
1.000
-3.680
-1.227
1.000
-3.680
-1.227
-3.680
-1.227
0.333
-0.745
-0.485

0.100

(—AG)
(m%¥mol)
B
0.000102  -0.000136
0.000102  -0.000209
0.000102  0.001020
-0.000028  -0.000100
-0.000083  -0.000300
Q-ratios:
la/4b -1.016
1la/5b -0.339
2a/lb -0.745
2a/2b -0.485
2a/3b 0.100
2a/4b -1.016
2a/5b -0.339
3a/lb -0.745
3a/2b -0.485
3a/3b 0.100
3a/4b -1.016
3a/5b -0.339
4a/1b 0.202
4a/2b 0.132
4a/3b -0.027
4a/ab 0.276
4a/5b 0.092
5a/lb 0.607
5a/2b 0.396
5a/3b -0.081
5a/4b 0.829
5a/5b 0.276

Reaction (k):

SK9B

1) 2prp + 3qtz = crd + 2en

2) 2mgts + 3qtz = crd

3) 2alm + 3qtz = fcrd + 2fs

4) 3an + fs = grs + fcrd

5) 2prp + 9an
+ 2alm + 3crd

1b/2b
1b/3b
1b/4b
1b/5b
2b/3b
2b/4b
2b/5b
3b/4b
3b/5b
4b/5b
la/2a
la/3a
la/da
la/5a
2a/3a
2alda
2a/5a
3a/da
3a/5a
4a/5a
la/ib
la/2b
la/3b

+ 3fs = 3grs 0

Q-ratios:
-0.105
0.235
-0.242
-0.081
-2.238
2.308
0.769
-1.031
-0.344
0.333

1.000
1.000
-10.810
-10.810
1.000
-10.810
-10.810
-10.810
-10.810
1.000
3.403
-0.357

0.800

(—AG);
(m®mol)
B

0.000039

A
0.000134
0.000134
0.000134

-0.000012

-0.000374
0.000167

-0.000162

.000012  -0.000486

1a/4b
1a/5b
2a/1b
2a/2b
2a/3b
2a/4b
2a/5b
3a/1b
3a/2b
3a/3b
3a/4b
3a/5b
4al1b
4ai2b
4al3b
4alab
4a/sb
5a/1b
5a/2b
5a/3b
5a/4b
5a/5b

28.8
.2
3.40
50.3
.80
8.82
0.27
403.
35D.
0.800
50.82
50.27
3150.
330.0
40.07
760.0
250.0
3150.
330.0
40.07
0.076

50.02
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Table 5.17 continued: Model independent end-membeeaction affinities

Reaction (Kk):

1) 2prp + 3qtz = crd + 2en
2) 2mgts + 3qtz = crd

3) 2alm + 3qtz = ferd + 2fs

4) 3an + fs = grs + fcrd

5) 2sps + 6mgts + 9qtz = 2prp + 3mncrd

6) 2prp + 4alm + 9qtz = 3crd + 6fs

1b/2b -4.071
1b/3b -0.674
1b/4b 1.227
1b/5b -1.357
1b/6b -0.225
2b/3b 0.166
2b/4b -0.301
2b/5b 0.333
2b/6b 0.055
3b/4b -1.821
3b/5b 2.014
3b/6b 0.333
4b/5b -1.106
4b/6b -0.183
5b/6b 0.166
la/2a 1.000
la/3a 1.000
la/da -1.805
la/5a 0.333
la/6a 0.333
2a/3a 1.000
2al4a -1.805
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Figure 5.55: SK8C: Geothermobarometry from ratiogtiveen endmember reaction affinities using both e€as and B (see text). Each line represents the P
and T at which the ratio of affinities calculateddm the dataset of Holland and Powell (1998, Nov03) equals the corresponding ratio of model reactio

affinities.
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SK12A: Geothermobarometry at non-equilibrium
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Figure 5.56: SK12A: Geothermobarometry from ratidsetween endmember reaction affinities using bothseaA and B (see text for details). Each line
represents P and T at which the ratio of affinitiemlculated from the dataset of Holland and Powg1998, Nov 2003) equals the corresponding rationuddel
reaction affinities.
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Figure 5.57: SK9A: Geothermobarometry from ratioetween endmember reaction affinities using both ea& and B (see text for details). Each line
represents P and T at which the ratio of affinitiemlculated from the dataset of Holland and Powg1998, Nov 2003) equals the corresponding rationuddel

reaction affinities.
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Figure 5.58: SK9B: Geothermobarometry from ratioetween endmember reaction affinities using both ea& and B (see text for details). Each line
represents P and T at which the ratio of affinitiemlculated from the dataset of Holland and Powg1998, Nov 2003) equals the corresponding rationuddel

reaction affinities.
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5.3.10 Reaction affinity

An expression for model reaction affinity derivegl Ashworth and Sheplev (1997)
is derived in Appendix A. The reaction affinityasfunction of phase compositions,
phase proportionf), layer thicknesses and chemical potential gradianoross all

layers:

Flatter chemical potential gradients reduce(tRAG) accordingly, such thdtAG)
approaches zero, indicative of greater extent afilibgation. In contrast, large
chemical potential gradients over thicker layer wause the producf—AG) to

deviate further from zero, suggesting suppressadileation.

The reaction affinity for each corona investigaiegresented in Figure 5.60. The
reaction affinity has been calculated in two otkases, for coronas from mafic
granulites by Ashworth and Sheplev (1997) and Astiwet al. (1998), and these
are included in Figure 5.60 for comparison with tteeonas under investigation.
Ashworth and Sheplev (1997) modelled a reactiomitff for a corona bearing
hornblende after plagioclase and olivine of 0.0@&8mol™, in an olivine gabbro
(ASHL1 in Figure 5.60). Ashworth et al. (1998) ohtd a much higher reaction
affinity for a less hydrous corona comprising garrmeyroxene and quartz after
plagioclase and pyroxene of 0.00134%mul™* (ASH2 in Figure 5.60).

In the Vredefort coronas, reaction affinity dece=afrom 0.00079 fmol™in SK8C
and 0.00058 rimol™ in SK12A to 0.00027 fimol™ in SK9A. The reduction in
reaction affinity accords with general trends otréasing L-ratios (Figure 5.26),
i.e., increasingly rapid diffusion relative to @ind decreasing chemical potential
gradients for components (Figure 5.46) and freeggngradients (Figure 5.52) for
phases across layers in these coronas from SK8K8A. Reaction affinity for
SK9B (0.00031 rfmol™) is marginally larger than SK9A despite similarity

magnitudes of L-ratios, chemical potential gradiesmid free energy gradients. This

415



may be attributed to the presence of an interveK-feldspar layer, which increas

B () : .
r=1 ax/ to the sum inequation 5.11 for

the contribution of the tern
determination of reaction affinity. SK9C is the rnt equilibrated corona, wit
reaction affinity approaching zero, an orof-magnitude lower than either of t
two coronas modelled by Ashworand Sheplev (199@9nd Ashworth et al. (199.

Suppressed reaction affinity for SKOC is consistemih the smaest L-ratios
(Section 5.2, Figure 5.26, Table5.5-5.9), lowest model chemical potent
gradients for all components (Sectior3.5, Figure 5.46, Tabl&.5-5.9) and the
lowest Gibbs free energy gradients for all phasgess the corona (Sectior3.7,

Figure 5.52, Tabl&.5-5.9).
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Figure 5.60: Model reaction affinity for coronas westigated. Reaction affinity progressive
decreases toward the core of tDomein coronas SK8C, SK12A and SK9A. Marginal coror
SK9C, with the most hydrous effectibulk composition, has the lowest reaction affinityhe only
two other coronas modelled in the literature areofn mafic granulites. ASH2 is an anhydrot
corona comprising agarnetpyroxene-quartz product assemblagéer plagioclase and pyroxen
ASH1 is a hornblendésearing corona after plagioclase and olivin

416



54 Discussion

Open-system diffusion models have been constructedoronas after garnet and
quartz in the Steynskraal granulites in a varidtgpatial, textural and compositional
regimes to characterize the influence of post-shéekperature and bulk
composition on the extent of corona development equilibration. Coronas in

samples SK8C, SK12A and SK9A are close analoguesafpure end-member
garnet-quartz effective bulk composition since tleg included in the garnet core
and armoured from interaction with the enclosingtrma Apart from a slight

variation inXyg (SK8C = 0.41, SK12A = 0.39; SK9A = 0.44), bulk gowositions

immediately prior to onset of reaction are simildhe corona layer sequence
developed in each of these coronas includes: aielie orthopyroxene symplectite

— plagioclase— blocky orthopyroxene.

The influence of bulk composition on equilibratiomy be evaluated in coronas
SK9A, SK9B and SK9C. Coronas SK9B and SK9C occutham same sample as
SK9A, but with different textural associations artdys, different effective bulk
compositions. SK9B is a more potassic, siliceolBCEompared to SK9A, owing
to communication with an adjacent K-feldspar in@asin garnet. Enrichment in
KO1.2 in the SK9B EBC manifests as a K-feldspar laydwben the plagioclase and
blocky orthopyroxene layers. SK9C is a corona dsyedl between a garnet margin
and the matrix. It displays a markedly higher centié mode, thicker symplectite,
trace biotite and a comparatively thinner blockihopyroxene layer, consistent with
a slightly more hydrous EBC. Given the range of positions for the same post-
shock temperature, the compositional control onlibgation was assessed through

open-system diffusion models.

Inputs in the open-system diffusion models incleftimates of corona product
proportions obtained from rigorous image analydiscarona products (Section
5.3.3) and average phase compositions in each (8gxation 5.2). The modes of
cordierite and plagioclase decrease in the orddCGKSK12A—SK9A, whilst the

mode of orthopyroxene (symplectite and blocky coratl) increases. Cordierite
mode is highest, and overall orthopyroxene modevgst, in SKOC. Plagioclase
mode is highest in SK9B compared to all other caspras is the mode of blocky
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orthopyroxene. Lowest cordierite modes are observ&K9B. The compositions of
product phases vary across corona layers in albnes: Xvg and y(Opx) of
symplectite orthopyroxene (Og¥ and cordieriteXygy progressively decrease from
garnet toward layer 2 plagioclasé, decreases in plagioclase layers toward quartz
in SK9A, whereas no systematic trend in zonatioobiserved in other corona$ay
decreases towards quartz in the K-feldspar layeBK®B. Xvgy and y(Opx) for
blocky orthopyroxene also decrease towards theacomtith quartz. In SK9A and
SK9C, theXyg for blocky orthopyroxene increases slightly abolie minimum
values for symplectite orthopyroxene, before desingasystematically across the
layer towards quartz. Compositional variation (8er6.2.1) is minimized in SK9C.
In contrast, there is greater compositional vasrain SK8C and SK12A. Inasmuch
as compositional variation indicates prevailing roleal potential gradients, the
mole fraction standard deviation for phase analyses corona might be used as a
proxy for equilibration. Accordingly, equilibratiols most enhanced in SK9C and

most suppressed in SK8C.

Since the Al/Si ratio of reactant garnet is notsmmed in the symplectite (Section
5.2.2), closure of the system could not be useal @mstraint in defining the overall
reaction (Section 5.3.1). A constant-volume appr@tion is used in derivation of
the overall reaction instead (Carmichael, 1987;I90ar and Johnson, 1991). The
system is considered open to all components inatudil and Si. Metasomatic

exchange with the surrounding matrix assemblage @modbnged reaction has
altered or reset the composition of the reactamejasuch that its final steady-state
composition is more Fe-rich than the initial gareemposition at reaction onset.
This is reflected in progressive Fe-enrichment afngt compositions from the
northwest of the Steynskraal traverse to the sagtheegardless of bulk rock
composition (Chapter 2, Section 2.5, Figure 2.1&Xh apparent initial bulk

composition was obtained from the final steadyes@drnet composition that was
corrected for metasomatic exchange with the extesysiem by adjusting the bulk
composition until the original composition of peakarnet predicted from

THERMOCALC (Chapter 6) was reproduced. The truéiahbulk composition is

related to the final steady-state composition @& torona layers by metasomatic
flux vectors. With prolonged corona reaction, ti&Ebecomes richer in FeO, MgO
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and NaQ, with a slight loss of Al@), to the external system, whilst remaining Si-
saturated. SK8C and SK12A evolved to more magnefsmah steady-state bulk
compositions, whereas SK9A, SK9B and SK9C becanre fRe-rich.

Stable open-system diffusion models were produaedafl coronas. Ratios of
phenomenological coefficientddsf{Li) modelled decrease progressively in the
order SK8C->SK12A—SK9A—-SK9B—SK9C (Section 5.3.2). Within all coronas
the diffusion coefficients increase in the ordera<lsi<Lnaca<Lmg<Lre
Component fluxes across corona bands reflect antaldetween corona product
proportions and compositions, reactant phase coitigoos and reaction coefficients
for phases at layer boundaries (Section 5.3.4).hé#igmagnitude modelled
component fluxes are those where mass transfegthaulayer to a reaction site
down the chemical potential gradient is largestnscsient with a marked
compositional gradient. Positive fluxes are indieatof transport from garnet and
negative fluxes suggest derivation at the quartzndary. Flux magnitudes were
largest for FeO (positive), followed by MgO (negatiexcept in SK9B), Alg:
(positive), SiQ (negative) and, finally, CaO, Na@ and KQ,. Fluxes vary
considerably for the last three components betweeonas, depending on the mode

and composition of plagioclase.

Chemical potential gradients are a function of ¢benponent flux through a layer
and the phenomenological coefficients for diffusiogmponents (Section 5.3.5).
Chemical potential gradients for all componentsrel@se progressively in the order
SK8C — SK12A — SK9B — SK9A — SK9C. The order of decreasing chemical
potential gradients for components is: A0~ FeO — SiO, - MgO — CaO,
NaO,,, KO12. Chemical potential gradients are high for Fe@ assult of large FeO
flux magnitudes across all corona layers, desptesistently having the smallest L-
ratio. Gibbs free energy gradients for phases adyct layers are, in general, largest
for coronas with the highest magnitude chemicaépial gradients (Section 5.3.7).
Accordingly, the order of decreasing Gibbs freergyegradients for phases is:
SK8C— SK12A— SK9A, SK9B— SK9C.

A non-equilibrium thermobarometric technique (Ashtlioet al., 2001) has been
applied to the coronas, in which ratios of moded-erember reaction affinities (Q-
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ratios) across a corona are correlated with re@bsaof end-member reaction
affinities calculated from an internally consistémérmodynamic database (Holland
and Powell, 1998, Nov 2003 upgrade)RAl space (Section 5.3.9). Unfortunately,
the marked sensitivity of Q-ratios to uncertaintiescompositional data acquired
from SEM analysis means that the intersection betweodel and real end-member
reaction affinity ratios irP-T space is either not realised or is shiftedP#l space
relative to other Q-ratio lines of equality, givimise to a spread of Q-ratio
intersections and poorly constrain@drl estimates. More rigorous EMP analysis of

corona products is required for refinement of the-equilibrium thermobarometry.

Overall reaction affinity has been calculated ftbrcaronas (Section 5.3.10). Model
reaction affinity diminishes in the order SK8C @WUJ9 nimol') — SK12A
(0.00058 mmol™) — SK9B (0.00031 rfmol) — SK9A (0.00027 rfmol®) —
SK9C (0.000022 rmol™). Equilibration is enhanced in SK12A and SK9A
compared to SK8C owing to higher post-shock tentpeza and increased
intergranular diffusion of major components, fdatiing equalization of chemical
potentials across the corona. Expansive lengtresadl BO diffusion from hydrous
matrix phases into the core of garnet at highet-plogck temperatures in SK9A
compared to SK8C may also contribute to enhancetgranular diffusion of all
components by lowering the solidus for the coroeaction and increasing melt
volumes in the corona domain. This possibility nsastigated in Chapter 6. The
FeO-enrichment of the SK9A final steady-state carbaulk composition relative to
SK8C and SK12A is attributed to elevated metasamaiput of FeO into the
equilibration volume, with higher intergranular fddivities at higher post-shock
temperatures so as to stabilize the more Fe-riabre nequilibrated, post-impact

reaction products.

Near-coincident chemical potential gradients fora8d Al, and comparable free
energy gradients for phases in layers, contribatedry similar overall reaction
affinities for SK9A and SK9B, despite compositiomafferences. Lower reaction
affinity in the marginal corona, SK9C may be asetiio a more hydrous corona
bulk composition derived from open-system chemicahmunication with a biotite-
rich matrix. AsaH0O is raised in the corona bulk composition, theédssl might be
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lowered in the corona domain accordingly (ChapjerA&suming corona reaction
cessation at the solidus, a lower-temperature @®liobmplies more prolonged
reaction, with higher melt modes in SK9C compared SKOA and SK9B,
facilitating equilibration and lowering reactionfiafty in the more hydrous bulk
composition. Ashworth et al. (1998) also obtainetbwer reaction affinity for a
more hydrous hornblende-bearing corona developtrt pfagioclase and olivine
(Figure 5.60, ASH1) compared to an anhydrous cooomaprising garnet, pyroxene
and quartz after plagioclase and pyroxene (Figué®,5ASH2; Ashworth et al.,
1998). In addition to the closer spatial proximityhydrous phases in the matrix,
marginal coronas may have been more exposed toymgtbile and reactive biotite
shock melts known from experiments to have beergeed at the shock pressures
experienced by these rocks (Chapter 7). The presehthese shock melts would
also have greatly enhanced diffusion in marginat Goronas relative to core

coronas.

In summary, open-system diffusion modelling hasl@dshed a strong temperature
and compositional control on extent of equilibratim the garnet-quartz corona
domain. In Chapter 6, variation in modal mineraldmptween all corona domains
from the core and rim of garnet is modelled in THERCALC with T-X

pseudosections to clarify the dependence of cordeaelopment on both

temperature and the proportion of®4rich melt.
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