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Abstract. Coronas, including symplectites, provide vital
clues to the presence of arrested reaction and preservation
of partial equilibrium in metamorphic and igneous rocks.
Compositional zonation across such coronas is common, in-
dicating the persistence of chemical potential gradients and
incomplete equilibration. Major controls on corona miner-
alogy include prevailing pressure (P), temperature (7') and
water activity (aH,O) during formation, reaction duration (¢)
single-stage or sequential corona layer growth; reactant bulk
compositions (X) and the extent of metasomatic exchange
with the surrounding rock; relative diffusion rates for ma-
jor components; and/or contemporaneous deformation and
strain. High-variance local equilibria in a corona and dise-
quilibrium across the corona as a whole preclude the appli-
cation of conventional thermobarometry when determining
P-T conditions of corona formation, and zonation in phase
composition across a corona should not be interpreted as a
record of discrete P—T conditions during successive layer
growth along the P-T path. Rather, the local equilibria be-
tween mineral pairs in corona layers more likely reflect com-
positional partitioning of the corona domain during steady-
state growth at constant P and T .

Corona formation in pelitic and mafic rocks requires rela-
tively dry, residual bulk rock compositions. Since most melt
is lost along the high-T prograde to peak segment of the P—
T path, only a small fraction of melt is generally retained
in the residual post-peak assemblage. Reduced melt volumes
with cooling limit length scales of diffusion to the extent
that diffusion-controlled corona growth occurs. On the pro-
grade path, the low melt (or melt-absent) volumes required
for diffusion-controlled corona growth are only commonly
realized in mafic igneous rocks, owing to their intrinsic an-

hydrous bulk composition, and in dry, residual pelitic com-
positions that have lost melt in an earlier metamorphic event.

Experimental work characterizing rate-limiting reaction
mechanisms and their petrogenetic signatures in increasingly
complex, higher-variance systems has facilitated the refine-
ment of chemical fractionation and partial equilibration dif-
fusion models necessary to more fully understand corona de-
velopment. Through the application of quantitative physical
diffusion models of coronas coupled with phase equilibria
modelling utilizing calculated chemical potential gradients,
it is possible to model the evolution of a corona through
P-T—-X—t space by continuous, steady-state and/or sequen-
tial, episodic reaction mechanisms. Most coronas in gran-
ulites form through a combination of these endmember re-
action mechanisms, each characterized by distinct textural
and chemical potential signatures with very different petro-
genetic implications. An understanding of the inherent petro-
genetic limitations of a reaction mechanism model is critical
if an appropriate interpretation of P—T evolution is to be in-
ferred from a corona. Since corona modelling employing cal-
culated chemical potential gradients assumes nothing about
the sequence in which the layers form and is directly con-
strained by phase compositional variation within a layer, it
allows far more nuanced and robust understanding of corona
evolution and its implications for the path of a rock in P-T—
X space.

1 Introduction

Fundamental to the study of metamorphic rocks is the appli-
cation of equilibrium thermodynamics in the understanding
of the development of a mineral assemblage within evolv-
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ing pressure (P), temperature (7)) and chemical potential
regimes. In an equilibrated assemblage, the chemical poten-
tials of all components are equal throughout the equilibrium
volume. However, different rates of intergranular diffusion
for major and trace components limit the capacity of a rock
to fully eliminate gradients in chemical potentials and attain
equilibrium on both micro- and macro-scales (Fisher, 1977;
Joesten, 1977; Fisher and Lasaga, 1981; Foster, 1981; Ash-
worth and Birdi, 1990; Carlson, 2002; White et al., 2008;
White and Powell, 2011). A more realistic model of partial
equilibrium, i.e. equilibrium for some components and not
for others, is likely to be attained in a rock. In a sense partial
equilibrium is fortuitous, since evidence of disequilibrium
preserved in reaction textures reveals basic physico-chemical
reaction dynamics operating during metamorphism that are
obscured if a rock equilibrates completely. However, partial
disequilibrium also compromises petrographic and geother-
mobarometric evidence as records of the metamorphic evo-
lution of a rock and can lead to erroneous interpretations
(Mueller et al., 2010, 2015; White and Powell, 2011). Thus,
an understanding of how partial equilibrium manifests itself
petrographically and chemically is critical if we are to ap-
preciate both the limitations and opportunities it affords in
petrogenetic studies.

The most obvious manifestation of partial equilibrium is
reaction textures comprising coronas and symplectites. The
spatially segregated phases preserved within these reaction
textures are the best petrographic evidence available to study
the evolution of chemical potential gradients governing the
reorganization of components within a rock with changing
P-T-X (composition) conditions (e.g. White et al., 2008;
gtipské, et al., 2010; White and Powell, 2011; Baldwin et al.,
2015). The disequilibrium commonly preserved in coronas
and symplectites does not, however, preclude the application
of equilibrium thermodynamics in modelling and interpret-
ing those textures; it only invokes a reconsideration of the
appropriate equilibration volume in which chemical poten-
tial gradients are absent (White and Powell, 2011). Within
any reaction texture, on an appropriate scale, chemical equi-
librium exists, and attendant chemical potentials may be de-
termined for a given P and T within the local bulk compo-
sition dictated by the equilibration volume. This concept of
local equilibrium was first introduced by Korzhinski (1959)
and has been the premise upon which all studies of reaction
textures are predicated.

In this paper, we present an analysis of more than 50 meta-
morphic corona textures developed in high-temperature
granulite facies rocks (Tables Al and A2 in the Appendix)
and discuss two contrasting modelling methodologies used
in interpreting the evolution of these textures. There are innu-
merable examples of reaction fronts and replacement textures
encountered in lower-temperature metamorphic rocks where
the role of a discrete fluid phase is critical in the develop-
ment of the texture. An exhaustive review of low-temperature
replacement textures is not attempted here. Rather, we fo-
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cus on the kinetics of reaction mechanisms and processes
with particular reference to those applicable in the granulite
P-T regime. The review concludes with an appraisal of ef-
forts employing equilibrium thermodynamics and calculated
phase diagrams to model corona textures and assesses their
significance and limitations when used to infer the P-T-X
evolution of a metamorphic rock (White et al., 2008; gtipské
et al., 2010; Baldwin et al., 2015).

2 Reaction kinetics

Metamorphic reactions are initiated when a pre-existing min-
eral assemblage becomes unstable owing to changing P—
T-X conditions. Chemical equilibrium is re-established by
adjustment of chemical constituents into a new mineral as-
semblage coupled with a requisite change in phase com-
positions in higher-variance equilibria. New minerals typ-
ically grow as a layer or sequence of layers between re-
actant phases. This layer succession forms a reaction rim
most commonly observed as a corona in granulite facies
rocks. Processes involved during metamorphic reaction in-
clude (a) nucleation of product minerals; (b) transport of
components to the reaction interface through the reactant by
volume or intragranular diffusion; (c) dissolution of the reac-
tant phases; (d) transport of components across the reaction
interface along grain boundaries or through melt; (e) incor-
poration of the diffusing components into the product surface
through precipitation; and (f) the rate of supply or removal
of heat (Fisher, 1977; Joesten, 1977; Brady, 1983; Foster,
1986; Tracey and McLellan, 1985; Carlson, 2002; Dohmen
and Chakraborty, 2003; Mueller et al., 2010; Abart and Petr-
ishcheva, 2011; Abart et al., 2012). Where reaction rate is
primarily governed by nucleation and precipitation, the reac-
tion is referred to as interface-controlled. Where reaction rate
is constrained by rates of component diffusion, it is termed
transport-controlled. Mueller et al. (2010) stress that the se-
rial nature of these processes means that the slowest of them
is the limiting constraint on overall reaction rate and extent
as a function of both temperature and time.

A model predicting the relative importance of either in-
terface or diffusion controls on a particular reaction rate
with respect to P and T was derived by Dohmen and
Chakraborty (2003). Although only defined for mineral ex-
change reactions in the presence of a fluid phase, they de-
rive a reaction mechanism map for the determination of the
rate-limiting step in any reaction based on relative domi-
nance of either interface-controlled or transport-controlled
mechanisms. Employing a thermodynamic model predicated
on Fick’s laws governing chemical mass transfer, Abart
and Petrischeva (2011) demonstrate that, during initial rim
growth, reaction is interface-controlled and gradually be-
comes diffusion- or transport-controlled as the reaction pro-
ceeds. Abart et al. (2012) augmented this thermodynamic
model to include chemical segregation within a reaction front
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as a rate-limiting reaction mechanism during the growth of
reaction rims with lamellar internal structure or symplectites.
These models have been substantiated by a vast body of rig-
orous experimental work constraining the kinetics of reaction
rim growth (e.g. Farver and Yund, 1996; Yund, 1997; Fisler
et al., 1997; Milke et al., 2001; Watson and Price, 2002;
Milke and Heinrich, 2002; Milke and Wirth, 2003; Abart
and Schmidt, 2004; Schmid et al., 2009; Gotze et al., 2010;
Keller et al., 2008; Niedermeier et al., 2009; Dohmen and
Milke, 2010; Keller et al., 2010; Gardés et al., 2011; Gardés
and Heinrich, 2011; Joachim et al., 2011a, b; Mueller et al.,
2012; Helpaetal., 2014, 2015; Jonas et al., 2015; Abart et al.,
2016). Phenomenological models of disequilibrium elemen-
tal and isotopic compositions produced experimentally with
incomplete diffusive element exchange (e.g. Mueller et al.,
2008, 2012; Watson and Mueller, 2009) may be utilized to
constrain the textural, isotopic and compositional evolution
of mineral assemblages and infer timescales of reaction du-
ration (Lasaga, 1983; Ague and Baxter, 2007; Niedermeier et
al., 2009; Mueller et al., 2015). Ongoing experimental work
aimed at characterizing rate-limiting reaction mechanisms
and their petrogenetic signatures in more complex, higher-
variance systems is imperative to allow further refinement
of partial equilibration models necessary to fully understand
coronas. Reviews of the experimental basis for kinetic the-
ory, reaction mechanisms and the petrogenetic implications
of this work are provided by Putnis (2009), Dohmen and
Milke (2010), Mueller et al. (2010, 2015), and Zhang (2010).

3 Diffusion and corona growth

Diffusion is a consequence of the random motion of atoms,
ions or molecules within a host reference frame (Mueller et
al., 2010; Zhang, 2010). This random motion may result in
a net diffusive flux when the concentration (or, rather, chem-
ical potential) of a component is not uniform in that refer-
ence frame (e.g. a reaction rim). The resultant diffusive mass
transport in one dimension is governed by Fick’s laws. Fick’s
first law relates diffusive component flux to component diffu-
sivity in the presence of a concentration or chemical potential
gradient:

aC
J=—-D—. (H

ox
In Eq. (1), J is the diffusive mass flux (a vector), D is the
diffusion coefficient (or diffusivity), C is the concentration
of a component (in mass per unit volume), x is distance,
and dC/0dx is the concentration gradient. Diffusivities are
measures of the rate of component transport or diffusion.
Values of diffusion coefficients (typically in square metres
per second) are dependent on temperature, pressure, com-
position, and the physical state and structure of the phase
(Zhang, 2010). The time dependence of diffusive mass trans-
port (again in one dimension) and evolving concentration
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gradients are determined by Fick’s second law:

aC 3’C

o ~ P @
Additional influences on evolving concentration gradients
and diffusive flux in natural systems, which include the ef-
fect of bulk flow of the reaction framework, are quanti-
fied through extensions to Fick’s laws (Mueller et al., 2010;
Zhang, 2010).

Phenomenological models of corona formation through
diffusion-controlled reaction employ a combination of Fick’s
first law in conjunction with equilibrium thermodynamics
(Fisher, 1970; Joesten, 1977; Foster, 1981). Fick’s first law
forms the basis for the first of these equations, which relates
component fluxes J; to chemical potential gradients du; /dx
such that for each componenti =1 to §,

d/,Lj
Jiz—ZLij—. 3
= dx

L;j are phenomenological coefficients for diffusion in a
multi-component system (Joesten, 1977). Straight coeffi-
cients (i = j) relate diffusion of component i to the chem-
ical potential gradient of i, and the cross coefficients (i # j)
relate diffusion of component i to the chemical potential gra-
dient of j. Joesten (1977) and Fisher (1970) assume that the
contribution of terms involving cross coefficients is negligi-
ble.

The Gibbs—Duhem equation relates component chemical
potential gradients in the coronas to each other in the pres-
ence of a mineral k, in which the molar content of component
i is njk, such that in a layer containing k,

S
du;
> nig——=0. 4)
< dx

i=1

A final equation relates the flux change between layers r — 1
and r to the stoichiometric coefficients v; of phases k in the
reaction at boundary r, such that for mass conservation and
local mass balance at boundary r,

_ ds/ ¢
Jl.r = Jir 1 —+ E I’likv;;. (5)

k=1

In Eq. (5), ¢ is the number of phases in layer r and &’ is
the modified form of the reaction progress variable ¢ ap-
propriate to layer growth (Ashworth and Sheplev, 1997).
The factor ‘é—‘i/ in Eq, (5) converts n;zv; (moles of compo-
nent per mole of reaction progress) to J/ in its true units
(mol componentm—2 s~ 1),

Intrinsic to any corona formation model is mass balance.
An overall reaction may be reconstructed using the measured
proportion of phases to derive an open-system reaction, with
boundary fluxes representing metasomatic interaction with
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the surrounding rock. The overall reaction may be summa-
rized by a mass balance for each component i.

¢
ZUknik =0 (6)
k=1

In a closed system, the summation is over all minerals k. In
an open system, the metasomatic fluxes at the end bound-
aries are treated as “dummy”” phases with unit stoichiometric
coefficients. An expression for overall corona model reac-
tion affinity was derived by Ashworth and Sheplev (1997).
The reaction affinity (i.e. Gibbs energy of reaction, —AG) is
expressed as a function of phase compositions, phase propor-
tions (v ), layer thicknesses and chemical potential gradients
across all layers in Eq. (6):

¢ S qk—l d,bL r¥
(—AG)=D"w > nix Zhr*(?) : )
k=1 i=l1

r=1

Flatter chemical potential gradients reduce the (—AG) ac-
cordingly, such that (—AG) approaches 0, indicative of
greater extent of equilibration. In contrast, large chemical
potential gradients over thicker layers will cause the prod-
uct (—AG) to deviate further from 0, suggesting suppressed
equilibration.

These equations predicate the steady-state diffusion-
controlled models developed for spatially segregated reaction
products in multilayer coronas arranged in order of increas-
ing or decreasing chemical potential (Fisher, 1977; Joesten,
1977; Mongkoltip and Ashworth, 1983; Foster, 1986; Grant,
1988; Johnson and Carlson, 1990; Carlson and Johnson,
1991; Ashworth and Birdi, 1990; Ashworth et al., 1992,
1998; Ashworth and Sheplev, 1997; Markl et al., 1998;
Dohmen and Chakraborty, 2003; Gardés et al., 2011). As
changing P and T induces incipient reaction between con-
tiguous metastable reactants, components will start to mi-
grate between the reactants. If the major components display
variable intergranular diffusivities, they will be partitioned
into a continuum of compositional subdomains, or incipient
“effective bulk compositions”, in each of which local equilib-
rium is attained with its own unique chemical potentials. The
width of the corona and each of its layers will be dictated
by the different length scales of diffusion for each compo-
nent. A layered corona assemblage develops, across which
transient chemical potential gradients exist, which drive dif-
fusion through the layers. With prolonged reaction or en-
hanced intergranular diffusion, component flux through the
corona layers equalizes chemical potentials at all points in
the corona. Local incipient bulk compositions of subdomains
should gradually expand with mass transfer across layers and
approach the final steady-state effective bulk composition for
the corona as a whole. Equilibrium is attained when no chem-
ical potential gradients exist for any components, despite the
spatial segregation of corona phases in layers.
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The interpretation of corona textures has traditionally been
a primary diagnostic tool for inferring metamorphic P—7—¢
paths and, hence, tectonics (Whitney and McLelland, 1973;
Grew, 1980; Joesten, 1986; Droop, 1989; Clarke et al., 1989;
Ashworth et al., 1992; White and Clarke, 1997; Norlander
et al., 2002; White et al., 2002; Kelsey et al., 2003; John-
son et al., 2004; Tsunogae and Van Reenen, 2006; Zulbati
and Harley, 2007; Hollis et al., 2006). Diffusion-constrained
conditions may arise on both the prograde and retrograde
paths, but, most commonly, coronas are thought to have
formed during retrogression from peak P-T conditions as
low-variance equilibria are crossed. The topology of the in-
ferred low-variance equilibria with respect to the peak assem-
blage has commonly been used to constrain a retrograde P—
T path (Harley, 1989). The inherent assumption of disequi-
librium between reactants and corona products was elegantly
questioned in a study by White et al. (2002) on metapelites
from the Musgrave Block in Australia. Phase equilibria mod-
elling employing pseudosections in KFMASHTO demon-
strated that corona textures could realistically be developed
in a peak, high-variance assemblage that remains in equilib-
rium but undergoes large changes in mineral modes as the
P-T path tracks through the phase field. Thus, it may not
be necessary to invoke crossing of low-variance equilibria
and disequilibrium to explain corona textures. Indeed, the
amount of decompression required to generate the equilib-
rium reaction texture described by White et al. (2002) was
comparatively minor and may well have been overestimated
by earlier researchers (Harley, 1989). Similarly, incomplete
reaction may not be assumed in coronas where the cessation
of textural development reflects the consumption of melt, in
which case the reaction responsible has gone to completion
(White and Powell, 2011).

Whilst there is a general understanding of the processes
that induce corona formation (e.g. Harley, 1989; White et
al., 2002, 2008; Johnson et al., 2004), the mechanism for
corona development is obscured since the final steady-state
configuration of corona layers observed in a rock reflects the
complex evolution of chemical potential relationships with
P, T and bulk composition. These same complexities must
also govern metamorphic processes on the prograde path, al-
beit on larger length scales. However, greater melt or fluid
volumes and increasing temperatures on the prograde path
facilitate equalization of chemical potentials through accel-
erated diffusion in the assemblage, such that only the spa-
tial sequestration of phases (for example, between melt-rich
leucosomes and melt-poor mesosomes) attests to the compo-
sitional partitioning of the rock and attendant chemical po-
tential gradients that must have prevailed during diffusion-
controlled reaction (White et al., 2004). In coronas, transient
disequilibrium is frozen in the rock as reaction textures. Cou-
pled with experimental work, they present the best petro-
graphic evidence available to us to allow the study of the
evolution of chemical potential gradients governing the re-
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organization of components within a rock with changing P—
T—-X conditions (e.g. White et al., 2008).

4 Corona growth models

Two endmember corona formation models have evolved in
the last 4 decades to explain the development of multilayered
coronas, namely, single-stage, steady-state (e.g. Ashworth
and Sheplev, 1997) and discontinuous, sequential (Joesten,
1986; White and Clarke, 1997) diffusion-controlled growth.
The formation mechanism for an individual corona is typ-
ically predominantly governed by either of these two end-
member models. Since each endmember model is governed
by reaction processes which limit their petrogenetic signifi-
cance, determining the extent to which a particular formation
mechanism applies when studying granulite corona evolution
is thus critical when using them to infer information regard-
ing the P—T-X path for a rock (White and Powell, 2011).

4.1 Single-stage, steady-state diffusion-controlled
corona growth

This growth model attributes corona development to
diffusion-controlled reaction mechanisms at constant pres-
sure and temperature, utilizing local equilibrium and chemi-
cal potential gradients across each layer and the corona as a
whole (Fig. 1). The spatial segregation of phases into layers
reflects the relative mobility of components owing to vari-
able intergranular diffusivities rather than distinct P-T con-
ditions. All layers in the reaction bands coexist contempo-
raneously with infinitesimal thickness at the incipient stages
of reaction. Layer thickness increases with reaction duration
and no change to a corona layer sequence occurs. Chemi-
cal potential gradients evolve toward a steady-state and fi-
nal configuration balancing the rate of production and con-
sumption of each component within each layer (Korzhinskii,
1959; Joesten, 1977; Mongkoltip and Ashworth, 1983; Fos-
ter, 1986; Grant, 1988; Johnson and Carlson, 1990; Carlson
and Johnson, 1991; Ashworth and Birdi, 1990; Ashworth et
al., 1992, 1998; Ashworth and Sheplev, 1997; Markl et al.,
1998).

Figure 1 illustrates incipient stages of single-stage, steady-
state corona formation chemographically and in chemical po-
tential space by considering two phases (A and D) initially
at equilibrium under P; and 77, with bulk composition indi-
cated by the circle (Fig. 1a). If under new P and T conditions
(P,, Tp), reaction rate is diffusion-controlled, relative differ-
ences in intergranular diffusivities partition the original bulk
composition (circle) into two endmember, non-overlapping,
local bulk compositions (square, triangle, Fig. 1b). The re-
sulting product mineral assemblage forms layers that are spa-
tially segregated but in local equilibrium and comprise the
mineral assemblage stabilized in each local effective bulk
composition (Fig. 1b). A ternary G—X surface (Fig. 1c) in-
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dicates that the tangent planes to the minimum free-energy
assemblages have different orientations, and, accordingly,
components have different chemical potentials in each as-
semblage. The coexistence of two local juxtaposed equilib-
ria buffers the chemical potentials of diffusing components
across the coronas (Joesten, 1977). Figure 1d represents the
associated isothermal—isobaric chemical potential saturation
surface for each of the local phase assemblages (modified
after Joesten, 1977). Each local bulk composition, repre-
sented by a three-phase assemblage, is invariant in chemi-
cal potential space at constant P and 7. The invariant as-
semblage ABC (triangle) lies at a higher chemical potential
for component 3 and lower chemical potentials for compo-
nents 1 and 2 than does the invariant assemblage BCD rep-
resented by the square. A projection of the saturation sur-
face on the ftcompi—itcomp2 Plane more clearly indicates the
difference between chemical potentials for each local equi-
librium (Fig. le). Maintenance of these local equilibria re-
quires that chemical potential gradients must exist across
each layer and, thus, that the system as a whole is in dise-
quilibrium, which drives diffusion of components from one
compositional domain to another. Chemical potential differ-
ences across each layer adjust to steady-state values that bal-
ance the rates of production and consumption of each com-
ponent within the layer (Joesten, 1977). Chemical potential
gradients for rapidly diffusing components may be elimi-
nated across the corona, whilst those for the slowest-moving
components (typically Al and Si, e.g. Ashworth and Shepleyv,
1997) are maintained, establishing partial equilibrium.

Continued corona evolution entails the growth of a layer
assemblage at the expense of its neighbour (Joesten, 1977).
The relative diffusive fluxes of components in adjacent layers
determine which mineral phases are consumed and produced
at each layer boundary, as well as the reaction stoichiom-
etry (Joesten, 1977; Fisher, 1977). All mineral layers grow
simultaneously, by a set of partial reactions at the layer in-
terfaces liberating and consuming components in appropri-
ate proportions to account for mass balance in the overall
system (Joesten, 1977, 1986; Fisher, 1977). The only layer
that grows at both contacts is the layer that initially con-
tained the original reactant interface (Joesten, 1977, 1986).
Fisher (1973) demonstrated that diffusion will automatically
tend to shift potentials toward values such that the flux dif-
ferences at every point in a corona balance local reactions,
thereby establishing a steady-state configuration. Growth of
coronas will decelerate and eventually cease when either
diffusive transport becomes inefficient or chemical poten-
tial gradients are erased and/or intergranular diffusivities are
reduced with cooling during retrogression (Joesten, 1977;
Fisher, 1977; Ashworth and Sheplev, 1997).

The corona in Fig. 2 is a schematic reconstruction of those
described by Johnson and Carlson (1990) from metagabbros
in the Adirondack Mountains that they interpreted as a nat-
ural example of this corona formation mechanism. A pri-
mary igneous assemblage involving contiguous olivine and
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Figure 1. Chemographic relationships and chemical potential saturation surfaces for local transient equilibria at corona boundaries during
incipient stages of single-stage, steady-state diffusion-controlled corona growth (after Joesten, 1977). (a) Original phases (A and D) initially
at equilibrium under P; and 77, with bulk composition indicated by the circle. (b) Under new P and T conditions (P,, T>), reaction progress
becomes diffusion-controlled. The corona domain is partitioned into a continuum of compositional subdomains, or incipient effective bulk
compositions (triangle, square), each with unique chemical potentials, in which local equilibrium is attained. (¢) Ternary G—X surface, in
which local equilibria are separated by chemical potential differences. (d) The chemical potential saturation surface for each of the local phase
assemblages. (e) Projection of the saturation surface on the jicomp1—/comp2 Plane. Chemical potential gradients between local equilibria drive
the diffusion of components from one compositional domain to another until chemical potentials are equalized and equilibrium is attained.
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Figure 2. Open-system, single-stage, steady-state diffusion-
controlled growth of prograde corona layers between olivine and
plagioclase (modified after Johnson and Carlson, 1990). (a) With
incipient reaction, different rates of intergranular diffusion for ma-
jor components manifest themselves as spatially segregated layers.
The corona domain is partitioned into a continuum of compositional
subdomains or incipient effective bulk compositions in which lo-
cal equilibrium is attained, each with unique chemical potentials.
Fe, Mg and Si released from olivine diffuse down chemical poten-
tial gradients toward plagioclase, whereas Na, Ca, Al and Si re-
leased from plagioclase diffuse toward olivine. Layers comprising
the slowest diffusing species (Al) adjoin the most aluminous re-
actant. (b) Reactions occur at layer boundaries, and layers expand
as diffusion progresses. The width and composition of each corona
layer depend on the relative fluxes of the diffusing elements. Mi-
nor spinel clouding occurs in reactant plagioclase as Ca and Si dif-
fuse preferentially into the reaction band, creating an Si deficiency
in reactant plagioclase. Phases in the diagrams are labelled using
Kretz (1983) mineral abbreviations.

plagioclase (Fig. 2a) becomes unstable during granulite fa-
cies metamorphism and is replaced by a new stable assem-
blage (Fig. 2b) involving orthopyroxene, clinopyroxene, pla-
gioclase and garnet, i.e. Ol|Opx + Cpx|P1|Grt|P! (reactants
in italics). Variable relative rates of intergranular diffusion
manifest themselves as spatially segregated product layers,
depending on the diffusional length scale of each component,
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and the corona domain is partitioned into a continuum of
compositional subdomains or incipient effective bulk com-
positions in which local equilibrium is attained, each with
unique chemical potentials (Fig. 1). Asymmetric composi-
tion profiles for species are established across product bands
reflecting variable intergranular diffusivities, e.g. Al content
in product bands increases toward the Al-rich reactant. Fe,
Mg and Si released from olivine diffuse down chemical po-
tential gradients toward plagioclase, whereas Na, Ca, Al and
Si released from plagioclase diffuse toward olivine. Reac-
tions occur at layer interfaces and layers expand as element
flux progresses (Fig. 2b). Inherent in the model is that the
product mineral assemblage does not change as reaction pro-
ceeds. With time, chemical potentials and fluxes approach
steady-state values. Mg, Ca, Na and Al migrate into the
corona and Fe and Si move out from the corona. Minor spinel
occurs in reactant plagioclase as Ca and Si diffuse preferen-
tially into the reaction band, creating an Si deficiency that
stabilizes spinel in relict reactant plagioclase (Johnson and
Carlson, 1990).

4.2 Sequential diffusion-controlled corona growth

This corona growth model involves successive, stepwise,
growth of layers, leading to overprinting and partial re-
equilibration of younger layers as new equilibria are en-
countered on either the prograde or retrograde path. These
changes are typically triggered by changing P and/or T but
can also be triggered through changing component fluxes
through the corona as a function of evolving local effec-
tive bulk compositions (e.g. Griffin, 1972; Griffin and Heier,
1973; Joesten, 1986; Droop, 1989; Indares, 1993; White et
al., 2002; Johnson et al., 2004; gtipské et al., 2010; Bald-
win et al., 2015). In contrast to the single-stage, steady-state
model, the internal layer configuration of the corona reaction
band evolves with time as new layers develop and old layers
are resorbed. Relative diffusion fluxes and attendant chem-
ical potential differences shift and evolve from one steady-
state configuration to another under new P—T—-X conditions.

Sequential corona development with changing P and T
has been demonstrated in prograde coronas found in mafic
rocks between olivine and plagioclase by Griffin (1972) and
Mork (1986). Griffin (1972) derived a sequential model for
corona formation that involved cooling from temperatures in
excess of the dry basalt solidus (> 1200 °C), between 0.8 and
1.1 GPa, and the crossing of univariant equilibria (Figs. 3 and
4). Initially, olivine and plagioclase crystallized at point A,
but, as the rock cooled, it was buried and followed the path
delineated by the arrow in Fig. 4. At point B, the olivine and
plagioclase reacted to produce Tschermakitic clinopyroxene
(Cpx I) and aluminous orthopyroxene (Opx I; Fig. 3a). As
the rock tracked through P-T space from B to C (Fig. 4),
the clinopyroxene (Cpx I) exsolved spinel and anorthite to
form a less Tschermakitic clinopyroxene (Cpx II; Fig. 3b).
This clinopyroxene was partly consumed at point C (Fig. 4)
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Figure 3. Multi-stage sequential layer development in a corona between olivine and plagioclase formed in response to changing P and T
along the P—T path shown in Fig. 2 (after Griffin, 1972). (a) Original olivine and plagioclase react to form orthopyroxene and clinopyrox-
ene. (b) Clinopyroxene breaks down to form a less Tschermakitic composition with plagioclase and spinel. (¢) Clinopyroxene reacts with
orthopyroxene, spinel and plagioclase to produce garnet. (d) Orthopyroxene reacts with spinel and plagioclase to produce omphacite, garnet
and quartz. (e) Omphacite decomposes to clinopyroxene and plagioclase.

to produce garnet and a jadeitic clinopyroxene (Cpx III;
Fig. 3c). Further cooling into the eclogite facies produced
omphacitic clinopyroxene and garnet with lesser quartz at
point D (Fig. 3d). Finally, decompression on exhumation
induced the exsolution of the jadeite component from om-
phacite to yield diopside (Cpx IV) and plagioclase towards
point E (Figs. 3e and 4).

Sequential corona development may also occur at constant
P and T through changes in the effective element fluxes
across the corona band. A multilayer corona may evolve
in a steady or quasi-stationary state controlled by diffusion

Solid Earth, 8, 93-135, 2017

(single-stage, steady-state growth) and then subsequently
modify through retrograde reaction between two adjacent
layers at constant P and 7 through changing composition
of the effective equilibration volume as the composition of a
reactant evolves with protracted reaction. Brady (1977) and
Vidale (1969) introduced a modification to the steady-state
model that was used to explain variability in coronal layer
development between the same reactants by Johnson and
Carlson (1990). Vidale (1969) modelled the development of
calc-silicate bands in a system with a waning availability of
certain components. According to his model, rapidly diffus-
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Figure 4. P-T grid indicating univariant equilibria crossed during
cooling to produce the sequence of reactions in Fig. 1 (after Griffin,
1972).

ing components in a reaction band will eventually eliminate
their chemical potential gradients. The chemical potentials
of these rapidly diffusing components in the phases com-
prising the corona assemblage are then equivalent to those
in matrix phases outside the corona band. As the number of
components exerting a diffusive control on the reaction is
reduced, so mineral phases are lost from the band (Vidale,
1969; Brady, 1977). This manifests itself as “cannibaliza-
tion” of corona layers comprising the rapidly diffusing com-
ponents. The original steady state is modified as the system
enters a transient state that will evolve through time toward a
new steady state with constant chemical potential gradients.
Johnson and Carlson (1990) employed the sequential de-
velopment model to explain the variability in corona product
assemblages developed between plagioclase and olivine in a
mafic granulite from the Adirondack Mountains (plagioclase
(O110px|Cpx|P1|Grt| Pl — Fig. 5). As the reactant plagioclase
was gradually depleted in Ca and Si, it was converted from
labradorite to andesine + spinel (Fig. 5a). This modification
of the chemical potentials of Ca and Si by equilibria out-
side of the corona band manifests itself as the destabilization
and subsequent cannibalization of first the plagioclase corona
layer and then the clinopyroxene layer (Fig. Sa, b), as the
system evolved toward a new steady-state scenario with con-
stant chemical potential gradients. According to Johnson and
Carlson (1990), all corona bands were initially plagioclase-
and clinopyroxene-bearing but then evolved to different final
configurations with greater or lesser cannibalization of these
phases, depending on the availability of Ca and Si in the sur-
rounding phases. Where the olivine grain adjoins the spinel-
poor plagioclase (originally less calcic, Ang3z), both product
plagioclase and clinopyroxene have been consumed and the
orthopyroxene is in contact with garnet (Fig. 5b, c¢). In con-
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trast, where olivine is adjacent to spinel-rich reactant plagio-
clase (originally more calcic, Ansg), corona plagioclase and
clinopyroxene are retained (Fig. 5c).

Sequential layer development in a corona through varia-
tion in P, T and changing bulk composition of the corona
reaction volume was invoked by Indares (1993) to explain
coronas between olivine and plagioclase in an olivine gab-
bro from the Shabogamo Intrusive Suite, eastern Grenville
Province (O!|Opx|Cpx|Pl|Grt|Pl — Fig. 6). Initially, calcic
plagioclase reacted with olivine to form orthopyroxene and
garnet coronas at high P and T, under eclogite facies condi-
tions (Fig. 6a). The relative difference in intergranular diffu-
sivities of components results in two distinct corona layers,
grading from Al-rich garnet adjacent to plagioclase to (Al-
poor) orthopyroxene adjacent to olivine. Excess Al in the pla-
gioclase was accommodated by the formation of corundum
(Fig. 6a). At the same pressure and temperature, the garnet
layer grew by reaction between calcic plagioclase and corona
orthopyroxene in a local effective bulk composition different
from that which produced the initial corona orthopyroxene
and garnet, which included olivine (Fig. 6b). Continued re-
action generated excess Si and Al in the reactant plagioclase,
which reacted with corundum to form kyanite (Fig. 6b). In
Fig. 6c, the reactant plagioclase is relatively enriched in Na
through the two former reactions. Na then diffused out of pla-
gioclase and reacted with corona orthopyroxene and garnet
to form omphacite. In response, more kyanite formed in the
plagioclase to accommodate excess residual Si and Al. With
subsequent exhumation and decompression, corona garnet
reacted with kyanite and corundum in plagioclase to form
spinel and more calcic plagioclase (Fig. 6d). In addition, gar-
net reacted with omphacite and some excess Si to produce
intervening plagioclase.

The sequential development of symplectites in pelitic
rocks has been elegantly modelled using calculated
phase diagrams involving chemical potentials for coupled
spinel + plagioclase symplectites and monomineralic plagio-
clase coronas after kyanite (Ky|Spl+ P1|P1|Qtz+ Fsp) by
§t1’psk2’1 et al. (2010) and Baldwin et al. (2015). With isother-
mal decompression from peak conditions, kyanite was no
longer stable, and a zoned monomineralic plagioclase layer
formed between the kyanite and matrix with quartz in excess
and only Al considered immobile. As the plagioclase layer
evolved, the diffusion of Si through the plagioclase layer
from the matrix was retarded and the local equilibrium vol-
ume encompassing the kyanite and plagioclase layer contact
became a silica-deficient one. The chemical potential of SiO»
at the kyanite contact was accordingly lowered sufficiently to
stabilize spinel in a symplectite intergrowth with plagioclase.

5 Controls on corona development in granulites

Of all the substantive literature references to corona textures,
only a few relate to compositions that are neither pelitic
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Figure 5. Multi-stage sequential layer corona layer development at
constant P and T in response to waning boundary fluxes of rapidly
diffusing components from the reactants into the corona in an open
system (after Johnson and Carlson, 1990). (a) Initial steady-state
layer configuration for an olivine—plagioclase corona. (b) Depletion
of Ca and Si in the reactants leads to the consumption of plagioclase
and then (c) clinopyroxene in transient states. The system gradually
evolves toward a new steady state. Cannibalization of corona pla-
gioclase and clinopyroxene is more enhanced where the original
reactant is Ca-poor (top right, Anzg).
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or mafic. Table Al presents details of prograde coronas in
the literature, whereas Table A2 comprises a selection of
the more numerous references to coronas formed during ret-
rograde re-equilibration. Selected coronas from mafic and
pelitic rocks are schematically illustrated in Figs. 7 and 8,
respectively. The assemblages and microstructure in coronas
in both pelitic and mafic rocks vary considerably depend-
ing on (a) metamorphic conditions (P, T and water activity
— aH0), (b) inferred formation mechanism through either
steady-state and/or sequential layer development, (c) reac-
tant compositions, (d) reaction kinetics, and (e) the amount
of deformation or strain intensity on either the prograde or
retrograde path.

5.1 Pressure, temperature and aH,O

Pressure, temperature and aH>O conditions determine which
mineral phases form within the corona. In olivine gab-
bros or troctolites from the Adirondack Highlands, coro-
nal assemblages vary from OI|Opx + Cpx|Grt|Pl in the
northeast (Johnson and Carlson, 1990 — Fig. 5a) to
O!|0px|Cpx + Spl| P! in the southwest (Whitney and McLel-
land, 1973 — Fig. 7a), with the presence of garnet in the
former being attributed to higher pressures towards the
northeast. In the Newer Basic Intrusion of NE Scotland,
the coronal assemblage OI|Opx|Hbl+ Spl|P/ is observed
(Mongkoltip and Ashworth, 1983 — Fig. 7b). In this case,
hornblende is favoured over clinopyroxene under higher
aH;O0 conditions. Similarly, the dominance of hornblende in
the corona assemblage between garnet and clinopyroxene de-
scribed in Carlson and Johnson (1991) (Fig. 7¢) versus the
restriction of pargasite to the layer closest to garnet in the
coronas described by Baldwin et al. (2004) (Fig. 7d) is at-
tributed to higher aH,O in the former corona compositional
domain.

In metapelites, coronas after sapphirine and quartz com-
prise the sequence Spr|Sil|Opx|Qfz at higher pressures
but Spr|Sil|Opx + Crd|Q#z at lower pressures and temper-
atures and/or higher aH>O conditions (e.g. Lal et al.,
1987). Coronas after gedrite and kyanite from the Thor—
Odin Dome in British Columbia comprise the sequence
Ged|Crd|Crd + Spl  symplectite|Crd + Crn symplectite|Ky
(Norlander et al., 2002 — Fig. 8a). The lower-temperature
equivalent corona (assuming minimal bulk compositional
differences) is Ged|Crd|St|Ky, which is seen in the Erra-
biddy metapelitic granulites in Western Australia (Baker et
al., 1987).

5.2 Sequential versus single-stage corona formation
mechanism

Corona assemblages are also governed by the mechanism
by which they formed, i.e. either in a single-stage, steady-
state event, as sequential layers in response to varying pres-
sure, temperature or component fluxes into the reaction vol-
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Figure 6. Multi-stage sequential corona layer development between plagioclase and olivine owing to varying component fluxes across the
corona bands and, later, owing to decompression (modified after Indares, 1993). Corona layer growth in panels (a—c) occurs under constant
high P and T, initially from discrete reactions between reactants and then subsequently between individual corona layers as component fluxes
vary across the corona. The formation of the plagioclase layer in panel (d) is ascribed to decompression. Detailed reaction mechanisms are

discussed in the text.

ume, or by a mechanism intermediate between these two end-
member formation models. Most coronas listed in Tables A1
and A2 appear to be interpreted via the single-stage, steady-
state model, but models in which sequential growth domi-
nates are invoked commonly. Determining which model of
corona formation is applicable in a specific context is com-
monly difficult but vital if information on the P-T path is
to be gleaned correctly from the corona (White and Clarke,
1997). This is critically evident in contrasting interpretations
of the coronas formed between olivine and plagioclase in
metagabbros from Risgr, Norway (Joesten, 1986; Ashworth,
1986). Joesten (1986) cited textural evidence and the dif-
fusional instability of any closed-system, steady-state diffu-
sion model for the coronas in support of a model involv-
ing a primary magmatic origin for the coronas, followed
by secondary annealing. He suggested that cuspate olivine-
orthopyroxene contacts, thickening of orthopyroxene layers
at narrow terminations of olivine grains, irregular contacts
between orthopyroxene—spinel and amphibole—spinel layers,
and heterogeneity in the corona assemblage developed de-
pending on the adjacent magmatic phase (i.e. either plagio-
clase, amphibole or clinopyroxene) are all inconsistent with
a diffusion-controlled origin. These features were thought to
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be more likely a result of olivine dissolution in a melt, fol-
lowed by the sequential growth of corona layers with cooling
at magmatic temperatures above the olivine—plagioclase sta-
bility field. Joesten (1986) proposed that these primary mag-
matic coronas were diffusionally unstable and that they were
spontaneously partially to completely annealed on cooling.

In contrast, Ashworth (1986) suggested the Risgr coronas
formed by single-stage, steady-state diffusion-controlled re-
placement of plagioclase and olivine with an open-system
modification to mass balance model constraints. Textural ev-
idence apparently inconsistent with a diffusion model was at-
tributed to locally variable kinetic controls on reaction mech-
anism, for example, epitaxial growth of tabular amphibole
on magmatic grains versus heterogeneous nucleation at re-
actant contacts. Ashworth (1986) did not address the sec-
toral heterogeneity of the coronas nor the irregular contacts
between amphibole—spinel and orthopyroxene—spinel layers.
However, it is conceivable that variation in the bulk compo-
sition of the equilibration volume — both spatially and tem-
porally as reaction proceeded — may account for such hetero-
geneity (e.g. Johnson and Carlson, 1990).

Alternative sequential models of corona formation, invok-
ing varying P, T and/or boundary fluxes, may similarly have
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(b)

Figure 7. Common corona textures developed in mafic granulites. (a) Prograde corona developed between olivine and plagioclase during
burial following shallow intrusion in the southwestern Adirondacks, New York (after Whitney and McLelland, 1973). Garnet is not present
in this corona owing to low inferred pressures during corona reaction. There is no variation in Xpg of pyroxenes. (b) A retrograde corona
developed between olivine and plagioclase in an olivine metagabbro from northeast Scotland (after Mongkoltip and Ashworth, 1983). The
presence of amphibole suggests higher aH;O than in more anhydrous domainal compositions where only clinopyroxene is stable. Al content
and Xpe of Opx and Hbl increase toward PI reactant. (c) Retrograde corona developed between garnet and clinopyroxene during a static
thermal event with the intrusion of numerous granite plutons in the Llano Uplift, Texas (after Carlson and Johnson, 1991). The presence
of hornblende implies relatively high aH,O during reaction. Both hornblende and plagioclase are asymmetrically zoned across the corona
band. Plagioclase becomes less calcic (An3s to Anjg) and amphibole Fe / Mg and Al / Si ratios decrease toward omphacite. (d) Retrograde
corona developed between garnet and clinopyroxene from the Snowbird tectonic zone, western Canadian Shield (after Baldwin et al., 2004).
The restricted distribution of hornblende in this corona compared to that in panel (c¢) suggests a less hydrous bulk corona composition.
Marked zonation in plagioclase occurs from Ang; adjacent garnet to Angy at clinopyroxene margin. (e) Prograde corona developed between
plagioclase and orthopyroxene during deformation-enhanced reaction in a dolerite towards a shear zone (after White and Clarke, 1997).
Garnet exhibits asymmetric zonation as X Ajm, Xprp and XGys increase toward Pl. Garnet zoning diminishes toward shear zone. (f) Prograde
corona developed between plagioclase and orthopyroxene in a mafic granulite from Yenisey Ridge, Siberia (after Ashworth et al., 1998).
Layer 1 garnet (Grt;) is zoned: Fe increases and Ca decreases (Xgys: 0.24-0.21; X Ajm: 0.54-0.60) toward layer 2. A slight compositional
perturbation across layer 1 is thought to mark the initial PI-Opx boundary. In layers 3 and 4, Ca in garnet is almost constant, with higher
Fe and lower Mg than in layer 1. No systematic zonation is observed in pyroxene. Non-equilibrium thermobarometric estimates for corona
formation are 740 £ 20 °C and 9.5 4 0.7 kbar (Ashworth et al., 2001).
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Figure 8. Sectoral complexity in corona textures developed in pelitic granulites. (a) Complex corona between kyanite and gedrite (after
Norlander et al., 2002). No compositional variation in any corona phases was observed. Conditions of formation constrained at <5 kbar
and ~ 750 °C with TWQ and conventional thermobarometers. (b) Common complex corona developed after garnet and quartz (after Hollis
et al., 2006). No systematic variation is described in corona products. (¢) Complex sectoral corona between garnet, biotite and quartz.
Monomineralic plagioclase is constrained to the corona immediately adjacent to biotite. Similarly, blocky orthopyroxene occurs only in
the corona sectors where garnet reacts with quartz (after Kelsey et al., 2003). Cordierite X)jg varies across symplectite increasing toward
orthopyroxene in general. No variation in orthopyroxene composition is observed. (d) Symplectite-dominated corona developed between
biotite and K-feldspar (after Bruno et al., 2001). Where biotite reacts with quartz, monomineralic garnet comprises the corona. Elsewhere, a
complex, symplectite-dominated corona comprising garnet, quartz and phlogopite occurs where biotite and feldspar react. Corona garnet is
weakly zoned. (e) Monomineralic sillimanite and orthopyroxene developed after sapphirine and quartz (after Ellis, 1980, and Grew, 1980).
(f) Retrograde spinel-garnet symplectite replacing peak garnet during post-peak decompression (after White et al., 2002). This corona
develops in response to changing modes in a high-variance equilibrium assemblage. No univariant reaction is crossed. (g) Prograde complex
corona comprising spinel—cordierite symplectite and leucocratic biotite, K-feldspar and plagioclase after andalusite (after Johnson et al.,
2004). Xmg of cordierite decreases toward biotite (0.55-0.51) with no variation in spinel composition. Cordierite moat formation occurs
during an andalusite melting reaction consuming quartz and biotite, followed by continued breakdown of andalusite to cordierite—spinel
symplectite in SiO, deficient domains. (h) Sectoral replacement of kyanite by plagioclase + spinel symplectite and zoned monomineralic
plagioclase. Where primary garnet abuts kyanite, the symplectite is not developed, and kyanite is replaced by low-Ca garnet enclosed by
unzoned plagioclase (After Stipski et al., 2010).
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important implications for the reconstruction of P—T paths.
For the same corona textures between olivine and plagioclase
in the New York Adirondacks (Figs. 2, 5 and 6), three differ-
ent P-T paths were constructed by Griffin (1972), Johnson
and Carlson (1990), and Indares (1993) based on their infer-
ences about the drivers behind the corona reactions, namely,
changing pressure and temperature (Griffin, 1972; Joesten,
1986), changing component fluxes (Johnson and Carlson,
1990), or a combination of all three parameters (Indares,
1993). Mass balance constraints and compositional zonation
within each corona assemblage were cited in each case in
support of the adopted model.

Criteria for the identification of single-stage, steady-state
layer growth include mineral zonation and a marked spa-
tial organization of product reaction bands such that each
layer represents a non-overlapping volume in compositional
space (Joesten, 1977; Fisher, 1977), all arranged in an or-
derly sequence of increasing or decreasing chemical poten-
tial (Fisher, 1977). If the corona has not attained equilibrium,
asymmetric composition profiles in minerals within a corona
layer and in the corona as a whole are consistent with chem-
ical potential gradients induced by relative differences in in-
tergranular diffusion rates of components at approximately
constant P-T conditions (Indares, 1993; White and Clarke,
1997). In contrast, a sequential corona model predicts sym-
metric, radial zoning of phases with respect to grain bound-
aries. Mass balance constraints commonly preclude the for-
mation of an intervening layer by reaction between two ini-
tially contiguous layers in a sequential model. This neces-
sitates the diffusion of requisite components from outside
the limits of the immediate equilibration volume within a
single-stage, steady-state diffusional regime. Even so, evi-
dence may be equivocal, and it may not be possible to exclu-
sively establish single-stage, diffusion-controlled multilayer
corona growth from stepwise, sequential growth in response
to changing P-T conditions or component fluxes. In these
cases, the corona formation mechanism likely reflects a com-
bination of both endmember corona models. Tectonic context
and structural data might provide independent constraints on
the relative contributions of either endmember model to the
overall corona formation mechanism. Ultimately, clarifica-
tion is best attained by modelling the spatial arrangement of
textures in a series of chemical potential phase diagrams,
which allow the full range of possible textural configura-
tions, given different formation mechanisms, to be evaluated
(White and Powell, 2011; §t1’pské etal., 2010; Baldwin et al.,
2015).

5.3 Reactant compositions

The compositions of local reactants principally determine
the effective bulk composition of the corona, with a mi-
nor degree of open-system communication with matrix. The
most obvious manifestation of local compositional control
on corona configuration is demonstrated by the three main
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types of coronas observed in mafic rocks, where metaso-
matic exchange with the enclosing rock is minimal and the
corona bulk composition is principally determined by the
reactants. Local corona bulk compositions comprising or-
thopyroxene, clinopyroxene, plagioclase and garnet form af-
ter olivine and plagioclase (O!|Opx|Cpx|P1|Grt| P/ — Figs. 2,
3 and 5). More aluminous, hydrous corona bulk compositions
after garnet and clinopyroxene stabilize amphibole, plagio-
clase and orthopyroxene (Grt|Prg|P1|Cpx/Opx|Cpx — Fig. 7c,
d). Commonly, clinopyroxene reacts with plagioclase to yield
clinopyroxene (with or without orthopyroxene), quartz and
garnet coronas (Cpx|Cpx/Opx|Qtz|Grt| Pl — Fig. 7e, f).

Markl et al. (1998) described coronas after fayalite and K-
feldspar or plagioclase (Fa|Opx|Grt + Opx|PI/Kfs), in which
the layer thicknesses, product proportions and their composi-
tions vary systematically depending on whether plagioclase
or K-feldspar is the reactant. Carlson and Johnson (1991)
described a corona after garnet and quartz in a metagab-
bro from the Llano Uplift in Texas comprising the layer se-
quence Grt|P1+ Mgt|Opx 4+ Aug|Qtz. In metapelites, coro-
nas after garnet and quartz typically yield a coronal assem-
blage of Grt|Crd 4 Opx|=£ P1|Opx|Q#z (Hollis et al., 2006 —
Fig. 8b). The presence of augite, plagioclase and magnetite in
a metagabbro corona may be attributed to significantly more
calcic garnet (~ 8 wt % CaO) with a higher X, than typical
pelitic garnets. Van Lamoen (1979) and Nishiyama (1983)
reported coronas after olivine and plagioclase in metamafic
rocks and conclusively demonstrated a correlation between
the compositions of reactant olivine and product orthopyrox-
ene.

Sectoral development in complex coronas is perhaps the
most obvious manifestation of reactant compositional control
on corona mineralogy and morphology. Kelsey et al. (2003)
described sectoral development of coronas around garnet in
pelitic granulites from the Mather Paragneiss in the Rauer
Group, Antarctica (Fig. 8c). In these granulites, garnet is en-
closed by a complex corona that comprises Gr¢|Crd 4+ Opx
symplectite|Opx|Qfz where garnet was initially adjacent to
quartz and Grt|Crd 4+ Opx symplectite|P1|Bf where it was
initially adjacent to biotite. These corona sectors appear
to define unique, highly localized effective bulk composi-
tions. The sharp changes in mineral proportions between
sectors attests to the limited degree of chemical commu-
nication between the Grt+ Bt and Grt+ Qtz compositional
domains. Bruno et al. (2001) described coronas after bi-
otite and quartz or feldspar, in which corona mineralogy
varies around a single biotite grain from Bt|Grt|Qtz where
biotite abuts quartz to Bt|Grt|Grt + Qtz|Phg + Qtz|Kfs where
biotite is adjacent to K-feldspar and Bt|Grt|Grt 4 Jd| Pl where
plagioclase encloses biotite (Fig. 8d). Stipska et al. (2010)
noted complex radial and sectoral heterogeneity in coro-
nas after kyanite (Fig. 8h). Where kyanite is enclosed
by plagioclase—K-feldspar—quartz matrix, it is replaced by
a reasonably uniform corona comprising Ky|Pl+ Sp =+ Crn
symplectite|Pl|Matrix. The monomineralic plagioclase layer
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is strongly zoned with respect to anorthite content, grading
from Xan =0.45 to 0.20 adjacent to the matrix. Locally,
where kyanite abuts garnet from the peak assemblage, the
plagioclase—spinel symplectite is absent and a thin Ca-poor
garnet monomineralic layer is rather developed, which is in
turn enclosed by unzoned monomineralic plagioclase. Stip-
skd et al. (2010) ascribed the antipathetic occurrence of the
garnet corona layer and the spinel + plagioclase symplectite
to higher FeO and MgO chemical potentials in the equilibra-
tion volume encompassing both garnet and kyanite as a reac-
tant, which stabilized garnet in the calculated product phase
equilibria.

5.4 Reaction Kkinetics — diffusion

The spatial array of corona product bands and the presence
or absence of associated symplectite is a function of rela-
tive intergranular diffusivities of major system components.
Typically, Al and Si are relatively immobile compared to
more rapidly diffusing components such as Fe, Mg and, to
a lesser extent, Ca (e.g. Johnson and Carlson, 1990; Carlson
and Johnson, 1991; Ashworth and Birdi, 1990; Ashworth et
al., 1992; Ashworth and Sheplev, 1997). In natural coronas
that are inferred to have formed in a single-stage, steady-state
diffusion-controlled scenario, typically limited Al diffusion
manifests itself as both modal and phase compositional zona-
tion in the corona; i.e. Al-rich minerals occur in layers closest
to the aluminous reactant, and, within these layers, the corona
minerals exhibit asymmetric zonation in compositional pro-
files, e.g. y(Opx) increases toward the Al-rich reactant. Since
Fe and Mg typically diffuse more rapidly than Al, ferromag-
nesian minerals tend to segregate into layers farthest from the
aluminous reactant. Xge varies across the corona depending
on relative diffusion length scales of Fe and Mg. Coronas af-
ter sapphirine and quartz in metapelites (Ellis, 1980 — Fig. 8e)
and between sillimanite and orthopyroxene (Kriegsman and
Schumacher, 1999; Table A2) demonstrate spatial segrega-
tion of aluminous corona layers (sillimanite and sapphirine,
respectively) from more Fe- and Mg-rich corona products
(orthopyroxene and cordierite, respectively). Coronas after
garnet and clinopyroxene in more mafic bulk compositions
segregate into pargasite adjacent to garnet and orthopyrox-
ene + plagioclase adjacent to clinopyroxene (Baldwin et al.,
2004 — Fig. 7d).

Diffusion-controlled reaction rates arise most commonly
on the retrograde P-T path (Table A2) in melt-depleted,
residual bulk rock compositions. In metapelites, coronal re-
action textures are commonly attributed to near-isothermal
decompression following peak conditions on a clockwise
P-T path (e.g. coronas after garnet and quartz; Kelsey et
al., 2003 — Fig. 8c) or to near-isobaric cooling (e.g. coro-
nas after sapphirine and quartz; Grew, 1980 — Fig. 8e).
White et al. (2002), however, urge caution in inferring large
amounts of decompression and cooling along the retrograde
path to produce corona textures; phase equilibria modelling
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of spinel-bearing symplectites after garnet from an Fe-rich
pelitic granulite in the Musgrave Block, Australia (Fig. 8f),
suggested to them that coronas might develop on any number
of retrograde P—T path trajectories through a high-variance
field in which the mode of garnet is decreasing while that
of the corona products is increasing. Thus, large amounts of
decompression are not required to produce coronas and sym-
plectites after garnet, and, hence, estimates of decompression
from other terranes (e.g. Harley, 1989) may well have been
overestimated.

Coronas developed on the prograde path (Table Al) are
far less common than coronas that form during retrogression
(Table A2), owing largely to more prolonged reaction dura-
tion, the presence of a melt or fluid that promotes greater
length scales of diffusion, and/or deformation on the pro-
grade path. Thus, the diffusion-constrained conditions on the
prograde path suitable for corona growth likely occur where
deformation is largely absent (e.g. White and Clarke, 1997 —
Fig. 7e), in low aH,O mafic rocks (Ashworth et al., 1998 —
Fig. 7f; Johnson and Carlson, 1990 — Fig. 2) or melt-depleted
pelitic rocks, or where the rate of change in pressure and
temperature occurs sufficiently fast such that diffusion rates
are exceeded. Typically, the latter scenario arises in contact
aureoles characterized by rapid heating and cooling (John-
son et al., 2004 — Fig. 8g; Mcfarlane et al., 2003; Ings and
Owen, 2002; Barboza and Bergantz, 2000; Wheeler et al.,
2004; Daczko et al., 2002; Dasgupta et al., 1997; Joesten
and Fisher, 1988), but it can also occur in shock-heated rocks
within large impact structures (Gibson, 2002; Ogilvie, 2010).

5.5 Deformation and strain

High-strain intensities have been shown experimentally to
enhance equilibration (Delle Piane et al., 2007; Heidelbach
et al., 2009; Gotze et al., 2010; Keller et al., 2010; Helpa
et al., 2015). Deformation is thought to enhance diffusion-
controlled reaction rates through inducing defects which act
as additional diffusion pathways, e.g. dislocations and or new
subgrain boundaries (Helpa et al., 2015). Experimental work
is supported by field observations. White and Clarke (1997)
described coronas developed after orthopyroxene and pla-
gioclase in a dolerite adjacent to a shear zone in the west-
ern Musgrave Block, Australia (Fig. 7e). Towards the shear
zone, coronas diminish in complexity until complete equili-
bration and recrystallization is attained in the highest-strain
domains within the shear zone. Koons et al. (1987) docu-
mented similar findings in a quartz diorite from the Sesia
Zone, Western Alps, whilst Smit et al. (2001) described en-
hanced replacement of garnet by, and deformation of, or-
thopyroxene + cordierite symplectite approaching bounding
shears zones in the Limpopo Belt, South Africa. With in-
creasing deformation, equilibrium domains progressively ap-
proach that of the bulk rock composition without any dis-
cernable change in pressure and temperature. White and
Clarke (1997) attributed this enhanced equilibration in high-
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strain domains to a combination of a reduction in grain size
with an attendant increase in intergranular area, accelerated
intracrystalline diffusion and nucleation, and increased per-
meability and aH,O.

6 Conditions of corona formation

Thermobarometric estimates for the average P—T conditions
of corona formation in mafic and pelitic granulites are de-
picted in Fig. 9. In most cases, average P—T conditions ex-
ceed the wet solidus for their respective bulk rock compo-
sitions. The few exceptions plotting below the solidus may
be attributed to retrograde compositional resetting with cool-
ing. Figure 9 is consistent with corona formation in gran-
ulite facies rocks that have an intrinsically low aH,O bulk
rock composition (e.g. mafic granulites) and/or have under-
gone a degree of melt loss. Under these conditions, inter-
granular diffusion limits reaction rate and the extent of equi-
libration, especially when melt is absent in coarse-grained
assemblages. Retrograde corona development is likely con-
strained to the high-T', suprasolidus, heating portion of the
P-T path immediately following peak 7'. Since most melt
is lost at or near peak conditions (White and Powell, 2002),
only a fraction of melt is retained in the restitic post-peak
assemblage, and since diffusion in melts is much more ef-
ficient than on dry grain boundaries (Zhang, 2010), element
mobility diminishes markedly in the absence of a melt phase.
Reduced melt volumes thus limit length scales of diffusion
during cooling to the extent that diffusion-controlled corona
growth occurs. On the prograde path, the low/absent melt
volumes required for corona growth are only commonly re-
alized in mafic igneous precursors, owing to their intrinsic
anhydrous bulk composition, and in dry, restitic pelitic com-
positions that have lost melt in an earlier metamorphic event.
White and Powell (2011) distinguish two types of coronas
formed either on the prograde or retrograde paths, namely,
progressive or non-progressive coronas. Progressive coronas
develop on the same P-T path as the assemblage that they
replace, in response to a smooth change in P—T conditions
from those that produced the peak assemblage (e.g. Johnson
et al., 2004; Hollis et al., 2006; Kelsey et al., 2003). Non-
progressive coronas develop in a separate P—T event to those
that generate the peak assemblage (e.g. Johnson and Carlson,
1990; Gibson, 2002; McFarlane et al., 2003).

7 Corona microstructure

Corona microstructure in prograde and retrograde coronas
for which data are available is summarized in Figs. 10 and 11.
The average maximum corona layer thickness in mafic pro-
grade coronas is 475 um (range: 70-1000 um; n = 19), and
the average maximum vermicule length is 118 um (range:
50-300 um; n = 19). Pelitic prograde coronas are character-
ized by an average maximum corona thickness of 496 um
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Figure 9. Summary of P-T conditions of formation for coronas
reviewed in this study. (a) P-T conditions for prograde coronas.
(b) P-T conditions for retrograde coronas. In general, conditions
of corona formation occur above the wet solidus for each respective
bulk composition. The few coronas that plot at lower temperatures
than the wet solidi may be subject to retrograde diffusional reset-
ting of the thermometers and, in reality, may have formed at higher
suprasolidus temperatures. Error bars are for the range of each esti-
mate. BWS: wet basalt solidus; GWS: wet granite solidus; GDS: dry
granite solidus and BDS: dry basalt solidus. Solidi were digitized
in P-T space from the geosciences resource database available at
http://www.geosci.usyd.edu.au/users/prey/Granite/Granite.html.

(range: 75-1500 pm; n = 13) and an average maximum ver-
micule length of 115 um (range: 10-300 pm; n = 13). Thus,
mafic and pelitic prograde coronas do not differ significantly
with respect to maximum corona layer thickness and ver-
micule length. However, pelitic prograde coronas developed
in contact metamorphic aureoles appear to exhibit greater
maximum corona layer thicknesses (>500 um) compared to
regional pelitic prograde coronas (Fig. 10a).

Most retrograde coronas described in the literature occur
in pelitic bulk compositions (Table A2; Fig. 11). Pelitic ret-
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Figure 10. Variation in prograde corona microstructure in mafic and
pelitic bulk rock compositions. (a) Variation in maximum corona
thickness in prograde coronas. (b) Variation in maximum vermicule
length in prograde coronas. Hatched bars are prograde coronas from
contact aureoles. Each corona reference is tagged by a code (e.g.
WM?73) which correlates with the detailed characteristics of each
corona in the Tables included in Appendix A.

rograde coronas are characterized by an average maximum
corona thickness of 571 um (range: 100-3000 um; n = 28)
and an average maximum vermicule length of 147 um (range:
20-500 ym; n = 28). The average maximum corona layer
thickness in mafic retrograde coronas is 262 um (range: 80—
500 um; n = 5), and the average maximum vermicule length
is 27 um (range: 10—40 um; n = 5). Whilst retrograde pelitic
coronas do not differ significantly from prograde pelitic coro-
nas in terms of width and vermicule length, retrograde mafic
coronas are distinctly narrower and show significantly re-
duced vermicule length relative to prograde mafic coronas
(Fig. 11). The latter most likely reflects greater length scales
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Figure 11. Variation in retrograde corona microstructure in mafic
and pelitic bulk rock compositions. (a) Variation in maximum
corona thickness in retrograde coronas. (b) Variation in maximum
vermicule length in retrograde coronas.

of melt-enhanced diffusion along the prograde path. A sim-
ilar relative paucity of melt may explain the difference in
corona thickness and vermicule length in retrograde mafic
coronas compared to retrograde pelitic coronas.

8 Internal compositional zonation in coronas

Complex compositional zonation is commonly observed in
coronas (Fig. 12). Fully equilibrated coronas, where no com-
positional zonation or chemical potential gradients exist,
are rare. In the population of coronas studied, only 30 %
were fully equilibrated, of which 60 % were in pelitic bulk
compositions. Commonly, coronas exhibit asymmetric zona-
tion across the band as a whole, reflecting variable length
scales of diffusion for major components during single-stage,
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Figure 12. Magnitude of compositional zonation in product corona bands. Hatched fields indicate pelitic bulk rock compositions; unhatched
fields are mafic. (a) X variation in product phases. (b) Variation in Al content in orthopyroxene across each corona. (¢) Garnet zonation
across each corona. (d) Plagioclase zonation across coronas where it is documented.

steady-state growth (e.g. Ashworth et al., 1998 — A98; John-
son et al., 2004 — J04; Fig. 12). Less commonly, radial zona-
tion occurs within a product layer or vermicule from the
band centre/vermicule core to the rim, indicative of sequen-
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tial corona growth (e.g. Zulbati and Harley, 2007 — ZHO07;
Fig. 12). The maximum magnitude of zonation in Xy, of or-
thopyroxene across a corona band in the coronas reviewed
is 0.08 (Kriegsman and Schumacher, 1999 — K99; Osanai et
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al., 2004 — O04; Fig. 12) and 0.07 in cordierite (Baker et
al., 1987 — BKS87; Fig. 12). Unfortunately, Al content in
orthopyroxene is expressed as y(Opx), AI'Y and Al wt % in
the literature commonly without accompanying raw analy-
ses, so that these values cannot be recomputed to a single
formulation of Al in orthopyroxene to aid comparison. Maxi-
mum asymmetric zonation magnitude with respect to y(Opx)
is 0.08 in Hollis et al. (2006 — HO6; Fig. 12); 0.13 with re-
spect to AI'Y (a.p.fu. — atoms per formula unit) (Brandt et
al., 2003 — BKOO3; Fig. 12); and 0.05 with respect to re-
calculated molecular proportion (Hisada and Miyano, 1996
— H96; Fig. 12). Maximum magnitude of zonation in garnet
is 0.22 for Xgrs (White and Clarke, 1997 — WC97; Fig. 12),
0.18 for X a1m (Indares, 1993 —193; Fig. 12) and 0.17 for Xpp
(Koons et al., 1987 — K87; Fig. 12). Maximum magnitude in
plagioclase zonation (A X p) is 0.42 (Baldwin et al., 2004 —
B04; Fig. 12).

Product phase zonation makes the application of quanti-
tative thermobarometry exceptionally difficult. In some in-
stances, corona product phases in local equilibrium adjacent
to a reactant possess low enough variance to apply a conven-
tional thermobarometer. For example, Baldwin et al. (2004)
obtained P-T conditions of corona formation from Grt—
Opx—PI-Qtz equilibria using garnet rim and orthopyroxene—
plagioclase symplectite compositions in direct contact. Some
authors have applied conventional thermobarometers to spa-
tially segregated phases in a corona that are not in direct con-
tact (e.g. Perchuk et al., 2002; Brandt et al., 2003). This ap-
proach is only valid if there is no variation in phase composi-
tion across the corona band and chemical potential gradients
do not exist.

Ashworth et al. (1998) derived a non-equilibrium ex-
tension to conventional thermobarometry based on open-
system, steady-state diffusion modelling of coronas that has
been successfully employed to estimate P—T conditions of
formation of asymmetrically zoned coronas (Ashworth et
al., 2001). Unfortunately, non-equilibrium thermobarome-
try, like conventional thermobarometry, is very sensitive to
uncertainties in compositional data and prone to underes-
timating peak temperatures of formation because of retro-
grade resetting upon cooling. The preferred thermobaromet-
ric technique for coronas entails phase equilibria modelling
in THERMOCALC (e.g. Baldwin et al., 2015), where modes
and phase compositions are used to jointly constrain a field
of equilibration in P-T-X space. THERMOCALC allows
the modelling of corona textures in chemical potential space
(White et al., 2008; White and Powell, 2011; gtl’pské et al.,
2010 and Baldwin et al., 2015) facilitating direct comparison
of the observed phase zonation and spatial array of layers
across a corona in which chemical potential gradients prevail
with predicted compositions at a range of temperatures and
pressures.
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9 Modelling of coronas

Diffusion modelling of metamorphic reactions began in
earnest with the foundational work of Thompson (1959) and
Korzhinskii (1959), who demonstrated that infinitesimally
small regions of rock can attain local equilibrium in the pres-
ence of chemical potential gradients for all or some com-
ponents. This meant that even if the system is in disequi-
librium as a whole, with gradients in chemical potentials of
components in the intergranular medium, it is nevertheless
possible to relate the mineral assemblage at any point to the
chemical potentials at that point. Korzhinskii (1959) devised
a graphical method for plotting a saturation surface in chem-
ical potential space that allowed the determination of rela-
tive chemical potential differences across a series of layers
(Fig. 1). This method facilitated an understanding of how
layer sequences would evolve as components diffuse down
chemical potential gradients. The limitation of Korzhinskii’s
technique is that many diffusion paths from one reactant to
another are possible in the chemical potential diagram, such
that more than one possible layer sequence could evolve for a
particular P-T condition (Nishiyama, 1983). The advances
in thermodynamic formulations of phases required to model
these relationships would only be developed by researchers
in later decades (Powell and Holland, 1988, 1990; Holland
and Powell, 1998, 2003, 2011; Powell et al., 1998, 2005) and
even then only readily applied to coronas using the appro-
priate activity—composition relationships through pioneering
studies by White et al. (2008), étl’pské et al. (2010) and Bald-
win et al. (2015). In the interim, researchers modelled coro-
nas through a quantitative physico-chemical modelling ap-
proach, in which component fluxes and chemical potential
gradients required to reproduce observed corona layers con-
figurations were derived assuming reaction was driven and
governed by minimization of Gibbs free energy.

9.1 Quantitative physical modelling of coronas

The quantitative physical modelling of coronas is premised
on the fact that, in layered reaction products, mineral lay-
ers grow by reaction at their contacts and the stoichiometries
of the layer contact reactions are determined by the relative
diffusion fluxes of components within the layer. Component
fluxes and chemical potential differences across each layer
attain steady-state values as a function of the rate of produc-
tion and consumption of phases in the layer (Fisher, 1975;
Dohmen and Chakraborty, 2003). Joesten (1977) combined
the approaches of Fisher (1975) and Korzhinskii (1959) into
a hybrid methodology that allowed the prediction of a unique
sequence of mineral layers produced by steady-state diffu-
sion for a given choice of phenomenological coefficients in
an isochemical system. Joesten’s model is based on three fun-
damental assumptions: first, diffusing components are in lo-
cal equilibrium with contiguous minerals at every point in
a corona, despite the fact that the corona as a whole is in
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disequilibrium; second, component fluxes and chemical po-
tential gradients remain constant at each point in the corona
in a steady state throughout its evolution; and third, all com-
ponents are considered to be conserved within the reaction
band; i.e. there is no communication with a system beyond
the boundaries of the reaction bands (the system is closed).

Joesten’s model required the simultaneous solution of the
three sets of equations defined previously (Egs. 3, 4 and 5),
independently relating component fluxes to chemical poten-
tial gradients in a layer, chemical potential gradients to each
other in the presence of a mineral with a particular compo-
sition, and the flux change between layers to reaction coeffi-
cients at layer boundaries (e.g. Ashworth and Sheplev, 1997).
It is possible to evaluate the stability of a multilayer reac-
tion band for a postulated set of intergranular diffusion co-
efficients if the compositions of the phases in each band are
known. The model predicts the relative widths of layers in the
reaction band, modal proportions of phases within each layer,
component fluxes across layers and reaction stoichiometry at
layer boundaries.

Early attempts to model corona textures using Joesten’s
formalism focussed on corona reaction bands formed
between olivine and plagioclase in metagabbros (e.g.
Nishiyama, 1983; Joesten, 1986; Grant, 1988). This early
work was hindered by the closed-system constraint in
Joesten’s model. For example, Grant (1988) was unable to
produce enough Ca from the observed reactant plagioclase to
accommodate all the Ca in the corona reaction band. Further-
more, the failure of Joesten’s model to account for hydrous
corona products, such as hornblende, from anhydrous pla-
gioclase and olivine reactants led researchers to embrace an
open-system, metasomatic modification to Joesten’s model.
An open-system modification was introduced by Johnson
and Carlson (1990) and Ashworth and Birdi (1990). Material
balance calculations allowed them to determine the external
component fluxes across the outer boundaries of the corona,
thereby accommodating open-system communication with
the enclosing matrix. Johnson and Carlson (1990) and Carl-
son and Johnson (1991) introduced external boundary flux
equations to model open-system behaviour. Ashworth and
Birdi (1990) treated metasomatic fluxes at corona bound-
aries as theoretical “phases” with “negative” compositions
where components were lost from the system and “positive”
compositions where they entered into the corona system. The
open-system studies of Johnson and Carlson (1990) and Carl-
son and Johnson (1991) accommodated gradual changes in
the composition of the reactants and external fluxes through-
out corona evolution, thus manifesting themselves as variable
product assemblages.

Open-system diffusion models for coronas had much more
success in explaining corona development in a variety of dif-
ferent bulk compositions, from mafic rocks to metapelites,
than the earlier isochemical models (Johnson and Carlson,
1990; Carlson and Johnson, 1991; Ashworth and Birdi, 1990;
Ashworth et al., 1992, 1998; Ashworth, 1993; Ashworth and
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Sheplev, 1997). Ashworth (1993) noted that, although the
overall extent of reaction was constrained by highly mobile
components with large diffusive fluxes, the actual spatial ar-
rangement of minerals in coronas appears to be strongly con-
trolled by those components with lower diffusivities, partic-
ularly Al and Si. He noted that, in all cases, an Al-rich layer
(commonly symplectitic) was located adjacent to the most
aluminous reactant, grading into an Al-poor layer adjacent to
the less aluminous reactant, and both separated by a “transi-
tional” layer of intermediate contents of Al (Fig. 13).

Ashworth and Birdi (1990) compared the Al / Si ratio in
aluminous reactants and the adjacent symplectite for a num-
ber of coronas using an isocon diagram (Fig. 14). The isocon
plot suggested that total Al and Si (strictly A103,2 and SiO5,
since the components used are oxides) included within the
phases in the symplectite appear to be “inherited stoichio-
metrically” from the adjacent reactant. Any mismatch be-
tween the Al / Si ratio of the reactant and individual phases
comprising the symplectite is accommodated by proportional
growth of symplectite phases in the appropriate ratio such
that cumulatively the Al / Si ratio is retained. Ashworth and
Birdi (1990) proposed that this was a consequence of low
diffusivities of Al and Si relative to Mg and Ca. Accord-
ing to them, any mismatch between the Al / Si ratio of the
symplectite and reactant implies open-system behaviour for
these components. Thus, the endmember scenario involving
near-complete open-system behaviour for Al and Si would
be a monomineralic reaction band in which mismatch in the
Al /Si ratio is greatest. Mongkoltip and Ashworth (1983)
ventured still further that the occurrence of two immobile
components is a necessary condition for symplectite forma-
tion. This assertion agreed with the metasomatic equilibrium
theory of Korzhinskii (1965), which states that any divariant
equilibrium assemblage of n phases contains at least n inert
or immobile components. Assessing open- or closed-system
behaviour for Al and Si is critical in deciding which assump-
tions are realistic when determining the overall reaction. If
Al and Si are preserved in the symplectite, then closure to
Al and Si can be used to constrain the system of simulta-
neous equations defining the overall reaction, such that it is
not underdetermined. If this assumption is not valid, a con-
stant volume may have to be assumed (Carlson and Johnson,
1991).

The first thermodynamic treatment of conservation of
volume during diffusion metasomatism was undertaken by
Carmichael (1987). Carmichael challenged the assumption
that pressure remains constant during irreversible diffusion
metasomatism. During reaction, there is a tendency for the
boundary between two juxtaposed reactants to be displaced
perpendicular to the interface between the reactants at a mag-
nitude corresponding to the change in volume of solid phases
of the reaction. If there is any mechanical resistance to this
displacement, constant volume replacement is approached.
Carmichael (1987) was able to model a field of nonhydro-
static stress induced by the migration of the boundary be-
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Figure 13. Sketch of a typical corona developed between plagio-
clase and olivine in metagabbros (after Ashworth, 1993). As reac-
tion proceeds, layers grow by diffusion along grain boundaries of
requisite components down concentration gradients to layer bound-
aries where they are consumed in the production of product phases.
Al is considered to be the most immobile diffusing species, since
Al concentration gradients are most marked. Al exerts the greatest
control on segregation of corona products in bands, from the most
Al-rich symplectite adjacent to plagioclase to Al-poor orthopyrox-
ene adjacent to olivine.

tween reactants. The stress field is oriented in a manner
which opposes the displacement and strain accompanying
the migration of the boundary. The stress field may be dis-
sipated by either rock deformation or secondary mass trans-
fer out of the reacting volume. According to Carmichael’s
model, the secondary mass transfer may be so efficient as to
eliminate the induced stress caused by boundary migration,
such that the original interface between reactants remains
undisplaced. This realization allows reasonable approxima-
tions to be made for the original boundary between reactants
(and the relative proportions of reactants involved in reac-
tion) such that an overall reaction may be derived.

In this context, the spacing of lamellae or vermicules in
symplectites reflects a balance between diffusive energy dis-
sipation and grain-boundary energy. Ashworth and Cham-
bers (2000) derived a theory quantifying this relationship em-
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Figure 14. Isocon plot of Al / Si ratios in symplectites and the ad-
jacent reactant plagioclase. The isocon line represents Al / Si ratios
that are preserved exactly between reactant and products. Any de-
viation from this line indicates a degree of open-system behaviour.
In general, analysed symplectites from the literature plot above the
isocon line, suggesting that the Al/ Si ratio is lower in the product
symplectite than it is in the reactant plagioclase; i.e. the corona sys-
tem is losing Al to the external system relative to Si with prolonged
reaction.

ploying both non-equilibrium thermodynamics and the prin-
ciple of the maximum rate of energy dissipation. Accord-
ingly, the spacing of lamellae in a symplectite for a partic-
ular reaction is a function of the reaction rate (i.e. reaction
front velocity), diffusion coefficient of the slowest-diffusing
components and the width of the reaction front:

Y ®)
v

where A is lamellae spacing, L is the Onsager coefficient, §

is the reaction front width and v is the reaction rate.

The finest symplectitic intergrowths (closest lamel-
lae spacing) are predicted to occur when reaction rates
greatly exceed diffusion coefficients for the slowest-diffusing
species for a particular reaction front width.

Despite advances in diffusion metasomatic modelling of
coronas in the early 1990s, success was still limited in that
commonly more than one stable layer sequence was com-
putable for the same inputs. Sheplev et al. (1991, 1992a, b)
presented a criterion to determine which non-unique solution
is more thermodynamically stable compared to others. The
criterion was formalized by Ashworth and Sheplev (1997)
and extended so as to obtain a measure of the affinity of re-
action, or, rather, departure from equilibrium, preserved in
the corona. A final refinement to the open-system diffusion
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model for coronas was derived by Ashworth et al. (2001),
in which ratios of the affinity of independent endmember re-
actions modelled for a corona are compared to ratios calcu-
lated from an internally consistent thermodynamic database
(Holland and Powell, 1998). The pressure and temperature at
which the ratio of model endmember reaction affinities and
real endmember reaction affinities approach the same value
is considered to represent the closure pressure and tempera-
ture below which the corona remained inert to reaction. This
allowed quantitative estimates of pressure and temperature of
the formation of minerals in disequilibrium to be made.

9.2 Calculated phase equilibria modelling

A limitation of the quantitative physical modelling of coro-
nas outlined above is that solid solutions and the gradational
shifts in phase composition within a band cannot practi-
cally be accounted for in the modelling (White and Powell,
2011; Baldwin et al., 2015). In the last decade, advances in
phase equilibria modelling have allowed geologically realis-
tic corona compositional systems to be modelled in P-T-X
(Johnson et al., 2004) and chemical potential space (White et
al., 2008; §t1’pské et al., 2010; White and Powell, 2011; Bald-
win et al., 2015). It is possible to predictively model corona
evolution with changing effective bulk composition through
progressive metasomatic exchange of components with the
external matrix in a rock and/or partitioning of the corona ef-
fective bulk composition with reduced length scales of com-
ponent diffusion on cooling (e.g. Johnson et al., 2004; White
et al., 2008; gtl’pské et al., 2010; Baldwin et al., 2015). For
completeness and clarity, all component chemical potentials
referred to in this section apply to those within the phases in
the local equilibria under consideration.

One of the most robust and elegant applications of chem-
ical potentials in constraining corona textural and compo-
sitional evolution in P-T-X space is that undertaken by
gtl’pské et al. (2010). These researchers modelled coro-
nas developed after kyanite in a quartzofeldspathic gneiss
from the Bohemian Massif (Fig. 8h). Phase equilibria mod-
elling entailed an initial estimate of overall P and T condi-
tions prevailing using a conventional P-T pseudosection in
NCKFMASHTO (NayO-Ca0-K;0-FeO-MgO-Al;03-Si02-
H,>O-TiO;,-Fe;03) (§tfpske’1 et al., 2010). For the purpose of
phase equilibria modelling in chemical potential space, it is
necessary to reduce the number of components treated, based
on assumptions considering their inferred relative mobility.
Stipska et al. (2010) ranked components in the corona ac-
cording to a hierarchy of mobility or relative diffusivities in
which slowest diffusing components are considered effec-
tively immobile (i.e. chemical potential gradients are static
and cannot change during reaction); other components are
considered mobile (their chemical potential gradients vary
on the scale of the corona); and some components are treated
as completely mobile (their chemical potentials do not vary
across the corona and are superimposed by the matrix). Ac-
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cordingly, Stipskd et al. (2010) were able to reduce the model
compositional system to NCKFMAS.

Prior to their consideration of the ferromagnesian minerals
in the corona, §t1’pské et al. (2010) modelled the monomin-
eralic plagioclase moat in NCKAS, with the further assump-
tion that K>O is completely mobile and Al,O3 is immobile
with static potentials; i.e. it is treated as an extensive vari-
able in terms of phase composition. The chemical poten-
tials for the matrix edge of the corona correspond to those
for the equilibrated peak assemblage and the corona pla-
gioclase composition in local equilibrium with matrix (i.e.
Anyg) (Fig. 15a). The chemical potentials for the metastable
kyanite corona contact were derived by modifying ©(NaO)
at the matrix contact until the kyanite—plagioclase bound-
ary with Angs appears on the phase diagram (Fig. 15a). In
Fig. 15a, the chemical potential relations at the kyanite—
matrix boundary are overlain in ©(CaO)—un(SiO3) space, and
local equilibrium potentials are indicated. Since the values
of u(Nay0), u(Ca0O) and u(SiO,) differ between the two
equilibria, a chemical potential gradient is established and
is represented by the vector in Fig. 15a. For equilibrium to
be attained throughout the corona, chemical potentials must
be equalized everywhere by diffusion. If element transport
is constrained, these chemical potential gradients persist as
stranded gradients (Baldwin et al., 2015).

Stipska et al. (2010) modelled the presence or absence
of a garnet layer in the corona by superimposing w(FeO)
and u(MgO) variations on the vector in ©(NayO)—u(CaO)—
u(SiOy) space obtained in Fig. 15b. The authors calcu-
lated pu(FeO)-u(MgO) diagrams for the matrix boundary,
kyanite boundary and midway between them with respec-
tive u(NayO)—u(CaO)—u(SiO,) dictated by the vector con-
strained in NCKAS space (Fig. 15a). The observed com-
position of garnet (Xpe =0.70) defines a corresponding
vector in u(FeO) and u(MgO) space (Fig. 15b). Stipskd
et al. (2010) manually constructed a phase diagram by
combining the phase relations along the Xpe =0.70 vec-
tor in w(FeO)-u(MgO) space with those corresponding
in u(NayO)—p(Ca0)—u(SiOy) space (Fig. 15¢). Two ob-
served chemical potential paths were proposed to account for
garnet-present and garnet-absent coronas that reproduced the
known spatial array and composition of phases. They suggest
that the chemical potential path required to produce garnet
requires the w(FeO) and u(MgO) potentials to be boosted
relative to those in local equilibrium with the matrix. This is
consistent with the spatial association of original matrix gar-
net in the corona, such that the w(FeO) and ©£(MgO) poten-
tials are locally augmented, thereby stabilizing a garnet layer
in the coronas in local equilibrium with kyanite (Stipska et
al., 2010).

Modelling of the development of the plagioclase—spinel
symplectite required that SiO, also be treated as immo-
bile (étl’pské et al., 2010). Constrained SiO, diffusion from
the matrix toward kyanite across the plagioclase moat in-
duced a silica-deficient effective local bulk composition at
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Figure 15. Chemical potential relationships governing the development of a corona after kyanite (after Stipska et al., 2010). All component
chemical potentials referred to apply to those within the phases in the local equilibria under consideration. (a) Calculated p(SiO2)—u(CaO)
diagrams in the NCKAS system for the matrix (red lines) and the kyanite boundary (light blue lines). Gradients in the chemical poten-
tials from the matrix to the kyanite—plagioclase boundary are represented by a vector in ©(SiO3)—u(CaO)—u(NayO) space. (b) Superim-
posed «(MgO) and w(FeO) variations on the 1(SiO3)—u(CaO)—u(NayO) vector from panel (a): (i) for the matrix, (ii) for the plagioclase—
kyanite boundary and (ii) inside kyanite. The topology shows garnet and orthopyroxene fields, while spinel is metastable. Garnet compo-
sitional isopleths x(Grt) are plotted within the garnet stability field. The arrow is a vector coincident with the x(Grt) =70 isopleth, where
x(Grt) =Fe / (Fe +Mg) x100. (c) Phase topology obtained by manual combination of the calculated phase relations along a slice at approx-
imately fixed u(MgO) / u(FeO) (along x(g) = 70) from panel (b), with the calculated phase relations along the vector w(SiO2)—u(CaO)—
1#(Na20) from panel (a), contoured with compositional isopleths ca(pl). The dashed arrow shows a path from kyanite across garnet and
plagioclase towards the matrix. (d) ©(FeO)-u(MgO) diagrams along the ca(Pl) =45 line calculated at 800 °C and 5.5 kbar. SiO; and Al,O3
are immobile. Fields are labelled with AlO3-SiO, bar diagrams and contoured for x(Grt), x(Spl) and ca(P1). The grey ellipse shows regions
of plagioclase—spinel symplectite where mineral compositions correspond to observed values (ca(Pl) = 35-45 mol % and x(Spl) = 60-63).
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the plagioclase-kyanite boundary, thus lowering the local
SiO; chemical potential sufficiently to stabilize spinel (as-
suming corundum was unable to nucleate). As a conse-
quence, both SiO, and Al,O3 chemical potentials are treated
as quasi-stationary; i.e. they are modelled as the coupled
extensive composition variables. As a consequence, phase
fields in pu—p space are labelled with Al,O3-SiO; bar com-
patibility diagrams. Stipskd et al. (2010) proceeded to model
the requisite chemical potentials for the symplectite stability
initially in ©£(NapO)—u(Ca0O)—u(SiO7) space. They derived
a vector in chemical potential space between the symplec-
tite contact with the plagioclase moat and the kyanite bound-
ary (Fig. 15d) that accounted for the plagioclase composi-
tion within the symplectite. However, the restricted stability
limits of spinel in u—u space at the modelled conditions of
post-peak conditions led Stipsk4 et al. (2010) to infer that the
spinel-bearing symplectites must have formed during subse-
quent decompression after plagioclase moat formation, as the
spinel stability field is far broader at lower pressures for the
same potentials.

Similarly, Baldwin et al. (2015) modelled spinel-
plagioclase,  sapphirine—plagioclase and  corundum—
plagioclase symplectites after kyanite in a quartzofeldspathic
granulite gneiss from the Athabasca granulite terrane, Snow-
bird tectonic zone, Canada. These researchers, like §t1’pské et
al. (2010), deduced that the spinel-plagioclase symplectites
must be metastable with respect to the corundum-bearing
alternative. Assuming corundum was unable to nucleate,
they were able to account for spatial relationships and
compositions observed in the symplectites over a wide range
of P-T conditions and plagioclase compositions. Crucially
they were able to deduce that, without the application of
chemical potential phase diagrams suggesting otherwise,
such reaction textures may occur over a wide range of
P-T conditions and extreme caution must be exercised in
inferring P-T conditions of retrograde metamorphism from
them.

Stl’pské et al. (2010) and Baldwin et al. (2015) con-
clusively demonstrate that the use of chemical potentials
is imperative and unavoidable when investigating coronas.
Previous researchers (Johnson et al., 2004; Taj¢manova et
al., 2007; Ogilvie, 2010) have attempted to model corona
textures without the chemical potential phase diagrams.
These authors invoked an equilibrium volume comprising the
corona, with or without a matrix contribution, which they as-
sumed to be effectively closed-system during textural devel-
opment. Accordingly, corona growth involved a redistribu-
tion of chemical components within the limits of the equi-
librium volume. This approach might account for some of
the phases within the corona but fails to account for the
non-linear exchange of components both within local equi-
libria across the corona but also external metasomatic ex-
change with the enclosing matrix during corona evolution.
Taj¢manova et al. (2007) tried to circumvent this problem by
constructing a T—X section to model the compositional par-
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titioning, owing to variable diffusion of components across
the corona and predicted phases. Similarly, Ogilvie (2010)
attempted to model shifts in corona phase compositions and
modes through the inferred exchange of components be-
tween the corona effective bulk compositions and the exter-
nal matrix through a 7—X section involving pure reactants on
one axis and pure matrix as the other axis. The fundamental
problem with both these approaches, as noted by White and
Powell (2011), is that at best, it is only possible to account
for observed assemblages in a qualitative generalized sense.
This is because the high variance of the phase fields from
the T—X section or P-T pseudosection predicts that stable
phases should be present in the coronas that are not actually
observed. This can only be treated by considering some com-
ponents as mobile and removing them from the bulk compo-
sition utilized to model the corona. Crucially, the manner in
which the chemical potentials evolve through P-T space in-
volves non-linear changes in chemical potentials and local
effective bulk compositions. Since P-T pseudosections are
constrained at a static bulk composition and a 7—-X section
can only model linear changes in bulk composition, by their
nature they are not flexible enough to allow modelling of
the intricacies of corona development either owing to vari-
able external component flux into the corona (for example,
by melt ingress or loss) or variable multi-component length
scales of diffusion.

10 Concluding remarks

Evidence of partial equilibrium, preserved in coronas, al-
lows us to examine fundamental processes governing reac-
tion mechanism, rates and extents of equilibration in meta-
morphic (and, more rarely, igneous) rocks. Mechanisms
of corona formation have been reviewed, i.e. single-stage,
steady-state diffusion-controlled vs. sequential development.
Determining which model of corona formation is most ap-
plicable in the corona study (and/or relative contribution of
each endmember model to the overall reaction mechanism)
is critical, since both models have limitations in the informa-
tion that may be gleaned from them in petrogenetic studies.
A comprehensive review of prograde and retrograde coro-
nas for mafic and pelitic bulk rock compositions from both
regional and contact aureole terranes reveals that major con-
trols on corona mineralogy include P, T and aH;O during
formation, mechanism of formation, reactant bulk composi-
tions and extent of metasomatic exchange with the surround-
ing rock, relative diffusion rates for major components, and
associated deformation and strain. In general, corona forma-
tion occurs under granulite facies conditions, in low aH>O
and/or melt-depleted, bulk rock compositions (Fig. 9). With
respect to corona microstructure, prograde coronas in pelitic
rocks developed in contact metamorphic aureoles exhibit
greater maximum corona thickness than those in regional
coronas (Fig. 11a). Mafic and pelitic prograde coronas do
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not differ significantly with respect to maximum corona layer
thickness and vermicule length; however, corona thickness
and maximum vermicule length in retrograde mafic coronas
are significantly smaller than both retrograde pelitic coronas
and prograde mafic coronas, which likely attests to the role
of melt in enhancing length scales of diffusion during corona
formation (retrograde mafic rocks are more likely to be melt-
poor and anhydrous). Increased maximum layer thickness
and vermicule length in prograde mafic coronas compared to
retrograde mafic coronas (Fig. 11) may reflect greater length
scales of diffusion in potentially more melt-rich bulk compo-
sitions with protracted reaction along the prograde path. Pro-
grade pelitic coronas do not differ significantly from retro-
grade pelitic coronas with respect to microstructure (Fig. 11),
owing to the intrinsically more hydrous pelitic bulk composi-
tions and capacity to generate diffusion-enhancing melt dur-
ing decompression.

High-variance local equilibria in a corona and disequilib-
rium across the corona as a whole preclude the application of
conventional thermobarometry when determining P-T con-
ditions of corona formation. Although tempting, the asym-
metric zonation in phase composition across a corona, in-
dicative of single-stage, steady-state diffusion-controlled for-
mation should not be interpreted as a record of discrete P—
T conditions during successive layer growth along the P—
T path. Rather, the local equilibria between mineral pairs in
corona layers reflect compositional partitioning of the corona
domain during steady-state growth at constant P and 7. A
non-equilibrium extension of conventional thermobarometry
derived by Ashworth et al. (2001) should be used with phase
equilibria modelling in THERMOCALC to constrain P-T
evolution of coronas (e.g. Ogilvie, 2010).

Through the application of equilibrium thermodynamics
on an appropriate scale (i.e. that of local equilibrium — Ko-
rzhinksi, 1959; Thompson, 1959), corona evolution can be
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modelled either through quantitative physico-chemical dif-
fusion modelling (Johnson and Carlson, 1990; Carlson and
Johnson, 1991; Ashworth and Birdi, 1990; Ashworth et al.,
1992, 1998; Ashworth, 1993; Ashworth and Sheplev, 1997)
or calculated phase equilibria involving chemical potentials
(White et al., 2008; gtfpské et al., 2010; White and Pow-
ell, 2011; Baldwin et al., 2015). While the former allows
quantification of reaction affinity and chemical potential gra-
dients across coronas bands, it is unable to practically ac-
commodate variation in phase composition within a band.
Moreover, it assumes that corona layer configuration formed
during one continuous, single-stage diffusion-controlled pro-
cess; i.e. component flux between local equilibria across all
bands in the corona was controlled by chemical potential gra-
dients on that scale. In contrast, forward modelling utilizing
calculated chemical potential gradients to account for corona
phase compositions and layer array assumes nothing about
the sequence in which the layers form, and, since the chemi-
cal potential gradients prevailing are constrained by observed
phase compositional variation within a layer, it allows a far
more nuanced yet robust understanding of corona evolution
and the implications for the path followed by a rock in P-T—
X space. When combined with evolving physical diffusion
models predicated on the experimental investigation of dif-
fusion and nucleation in higher-variance systems (e.g. Jonas
etal., 2015; Mueller et al., 2015), temporal resolution will be
afforded to phase equilibria models, seamlessly integrating
corona evolution in P—T-X space with time.

11 Data availability

All data utilized in this study are included in Tables Al and
A2 in the Appendix.
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Table A1. Summary of prograde corona occurrences in the literature.

Tag Bulk Location Reactants Corona product Corona thickness, vermicule Equilibration P, T of corona Inferred P-T Layer growth Diffusion Comments
comp assemblage length, vermicule spacing formation path model model
JC90 Olivine Adirondack  OI-P1 0!|Opx|Cpx|Grt| P! Corona thickness: 250 um; Complete — no varia- Assuming pressure of isobaric cool-  Single-stage — Open: L ratios Formation at high pressure and
metagab- Mountains, 0Ol|Opx + Cpx|P1|Grt|Pl  vermicule length: 4-50 um; tion in composition of ~8kbar, Grt—Cpx (Ellis ing, anticlock- gradual exhaus- not constrained low aH;O.
bro New York vermicule spacing: 8um corona product phases.  and Green, 1979) ther-  wise tion of Pl as a tightly As Ca is depleted in reactant
(measured from backscattered mometer: reactant plagioclase, product plagio-
electron images); northern Adirondacks: clase and clinopyroxene are
vermicule shape: columnar 881°C; “cannibalized”.
Opx and Grt (cannibalized Pl southern Adirondacks: Geochronological evidence
and Cpx — vermicular); 708°C negates a magmatic origin and
orientation: columnar grains cooling from igneous temper-
oriented perpendicular to grain atures at high pressures as a
boundaries cause of reaction and, instead,
invokes a much younger su-
perimposed metamorphic event
(cf. Whitney and McLelland,
1973).
N83 Olivine Mt Ikoma, OI-Pl Ol|Opx|Hbl + Spl Corona thickness: 50— Disequilibrium - no  Amphibolite facies — Not specified Single-stage Closed:
metagab-  Osaka, symp|Pl 300 um; systematic variation is  no quantitative thermo- Lii/Lsisi>1
bro Japan Opx: <30 pm; observed. barometry and
Hbl 4 Spl: <60 um; L;i/Lsisi >
vermicule length: —; Lajal/ Lsisi
vermicule spacing: — ;
vermicule shape: Hbl - fibrous
rods and needles;
Spl — vermicular;
orientation: vermicules and
rods perpendicular to layer
boundaries
Jo4 Metapelite Phepane And- And|Crd 4 Spl Corona thickness: Crd+ Spl  Disequilibrium. 700-725°C, 3 kbar Clockwise Sequential None Crd moat formation during
Dome, Bt+matrix  symp|Crd|Kfs +PI+Bt symp<1mm; Crd: <0.5 mm; Xmg of Crd decreases  (P-T-X relationships And + Bt melting reaction con-
Bushveld leucosome| 35 mol % vermicule length: toward Bt (0.55-0.51);  from pseudosection) suming quartz, followed by
Complex fringe  Bt+15mol%  0.01-0.25 mm; no variation in spinel continued breakdown of And to
Aureole matrix Crd, Kfs, Qtz, Bt~ vermicule spacing: — ; composition. Crd + Spl symplectite in SiOp
vermicule shape: deficient domains.
Crd — granoblastic-polygonal;
Spl — vermicular; vermicules
perpendicular to layer bound-
aries
WC97 Dolerite ~ Western Corona 1: Corona 1: Corona thickness: No systematic variation T ~750°C and 12- - Hybrid single- None Equilibration is enhanced in
Musgrave Opx—P1 Opx|Cpx|= Pl |Grt| Pl corona 1: 0.25 mm; in composition of Hbl, 14 kbar (core and rim stage high-strain domains via a re-
Block. corona 2: corona 2: corona 2: <0.5 mm; Pl compositions used in duction in grain size leading
Australia Cpx-P1 Cpx1|Cpxz |Grt| Pl corona 3: <0.2 mm; (Anpp_»5) and Cpx. average P-T mode in to an increase in intergranu-
corona 3: corona 3: vermicule length: <10- Garnet asymmetric ~THERMOCALC based lar area, enhanced intracrys-
Cpx-P1 Cpx|Cpxz|Hbl| Pl 125 um; zoning: XAlm. Xpp on two assemblages: talline diffusion and nucleation,
corona 4: corona 4: vermicule spacing: — ; and Xy increase to-  Grt, P, Cpx, Qtz and permeability, and fluid access
Ilm-P1 1lm|Bt|Grt + Bt vermicule shape: columnar ward Pl (Xg=0.18-  Grt, P, Hbl, Qtz (White and Clarke, 1997).
symp|Grt| Pl Opx and subhedral, elongate 0.24 to grossular peaks
Grt and Hbl oriented perpen- of up to Xgps =0.4).
dicular to layer boundaries Grt zoning diminishes
toward shear zone.
193 Olivine Shabogamo  Corona 1: Corona 1: Corona thickness: Asymmetrical zonation 7T ~700-800°C and Clockwise Sequential - -
gabbro Intrusive Ol-P1 0I|Opx + Cpx|P1|Grt|Pl  corona 1: <1 mm; in Grt (X pjm: 0.4-0.58;  16kbar (core and rim  with steep
Suite, corona 2: corona 2: <4 mm; Xprp: 0.17-0.24) from  compositions used) isothermal
eastern Opx-P1 corona 2: vermicule length: —; Pl toward Opx. Layers by  Grt—-Cpx-Pl-Qtz  decompression
Grenville Opx|Cpx|Grt|Pl vermicule spacing: — ; more calcic in cores. thermobarometry
Province vermicule shape: No systematic zoning

granoblastic-polygonal with
no preferred orientation

in Cpx. Opx homoge-
neous.
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Table A1l. Continued.
Tag Bulk comp  Location Reactants Corona product Corona thickness, vermicule Equilibration P, T of corona Inferred P-T Layer growth Diffusion Comments
assemblage length, vermicule spacing formation path model model
A98 Metabasic ~ Yenisey Pl-Pgt (now  PI|Grt|Grt 4+ Qtz|Cpx Corona thickness: Disequilibrium. Layer 4 Grt-Opx and Clockwise Single-stage Open: The geobarometry is compro-
granulite Ridge, Opx+Cpx) +Qtz+ Grt|Pgt layer 1: 440 um; Layer 1 Grt is zoned: Grt-Opx pairs yield Lpe ~ Lyg ~ mised by chemical potential
Siberia (Opx + Cpx layer 2: 150 pm; Fe increases and Ca 614-635°C at 6- Lca>La =~ gradients between phases in
exsolution) layer 3: 300 um; decreases 10kbar (retrograde dif- Lg; layer 4 and Pl reactant.
vermicule length: 10-00 um; (XGrs: 0.24-0.21;  fusional resetting). Al
vermicule spacing: — ; X Alm: 0.54-0.60). content in Opx yields
vermicule shape: In layers 3 and 4, Grt  poorly constrained,
granoblastic- XGrs is constant, while  slightly higher temper-
polygonal/interlobate and XFe is higher than in atures. Layer 4 Grt,
locally needle/rod-like pyrox- layer 1. No systematic Opx and Pl reactant
enes; zonation in pyroxene yields a pressure esti-
orientation: none observed. mate of 5.8-7.5kbar
(Grt—Opx-P1-Qtz;
Bhattacharya et al.,
1991).
WM73  Metagabbro Adirondacks, OI-Pl Southwestern ~ Adiron-  Corona thickness: <0.25mm;  No variation in Xpmg of ~ Southwestern  Adiron-  Clockwise Single-stage? - -
New York dacks: vermicule length:  0.01- pyroxenes dacks: marginally
0I|0px|Cpx + Spl 0.25 mm; > 8 kbar and 800 °C
symp|Pl vermicule spacing: — ;
vermicule shape: vermicular
symplectite and columnar Opx
laths;
orientation:  strongly  ori-
ented perpendicular to layer
boundaries
A01 Hornblendite Ivrea Zone, Hornblendite Hbl+ Grt+ Cpx|Cpx| Corona thickness: Disequilibrium. 700-900°C and 7- - Single-stage Open: a num-  Abart et al. (2001) relaxed the
xenoliths northern — marble Grt + Cpx| layer 1: 1-4cm; Xmg (0.8-0.55) and  10kbar  (independent ber of mass constant volume or closure to
in marble Ttaly Scp + Cpx|Cal layer 2: 3—12 cm; Tschermak’s content in  estimates of peak con- balance scenar-  certain components constraints
layer 3: <2cm; Cpx decreases toward ditions from pelites) ios  proposed to evaluate the overall reac-
vermicule length: ~ 1 mm; Cal. No variation in Grt based on quali- tion. Instead, they constrained a
vermicule spacing: — ; composition. tative evidence range of mass balance scenarios
vermicule shape: granoblastic- to constrain  for which major element fluxes
interlobate except at layer boundary across boundaries were solved.
boundaries where vermicular fluxes.
symplectite occurs; Lgisi/Lcaca
preferred orientation: ver- >2.5 and
micular symplectite strongly Lajal/Lcaca
oriented perpendicular to layer <10 and
boundaries, otherwise none LmgMg/Lcaca
>1
BB88 Metapelite ~ Hoggar— Corona 1: Corona 1: Corona thickness: Corona 1: 550-650°C and 4.5- Clockwise Sequential - The first stage of corona growth
and norite  Iforas Grt-Sil; Grt|Crd|Crd + Spl|Sil corona 1: <500 um; no zoning in Crd or Spl. 5.7 kbar (thermobarom-  isothermal involves breakdown of Grt to
granulite corona 2: St and younger eu- corona2: <700 um; Garnet Xp decreases etry using the assem- form Crd + Spl symplectites
unit, Mali Grt-Qtz hedral  Grt  appear vermicule length: 5-50 um; rimward. blage Grt-Spl-Crd—Bt— in the metapelites and Opx + P1

to replace Crd in a
younger  post-corona
event;

corona 2:
Grt|Opx + Pl
symp|Grtp+ Qtz|Qtz

vermicule spacing: — ;
vermicule shape: vermicular
symplectite and granoblastic-
polygonal/interlobate
monomineralic layers;
preferred orientation: ver-
micular symplectite weakly
oriented perpendicular to layer
boundaries, otherwise none

corona 2:

no systematic
tion.

Opx: Xpe =0.65—
0.70,

Xmg = 0.29-0.32 and
Xca =0.01-0.02.

zona-

Pl)

symplectites in the norites.
Replacement of Crd+ Spl by
younger Grt and Sil, as well as
the replacement of Opx and Pl
symplectite by Grt+ Qtz, sug-
gests renewed burial. Thermo-
barometry yields P-T condi-
tions of the latter event. P—
T path reflects Eburnean de-
compression, followed by pan-
African burial.
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Table A1l. Continued.
Tag Bulk comp  Location Reactants Corona product Corona thickness, vermicule Equilibration P, T of corona Inferred P-T Layer growth Diffusion Comments
assemblage length, vermicule spacing formation path model model
1002 Pelitic and  Taylor Corona 1: Corona 1: Corona thickness: No zonation described Grt-Opx-PI-Qtz Contact aureole ~ Single-stage - -
mafic gran-  Brook Sil-Grt— Grt|Spl+ Crd|Qtz + Sil  corona 1: <500 um; thermobarometry on
ulites gabbro Qtz; corona 2: <100 pym; corona phases in
complex corona 2: +Grt; vermicule length: corona 1: metabasite yields a P—
Grt—Qtz corona 2: <300 um; T estimate of 4.4 kbar
Grt|P1|Opx|Qtz corona 2: <50 um; at615°C.
vermicule spacing: — ; Coronas in tonalitic
vermicule shape: gneiss yield a slightly
corona 1: tortuous, contorted higher P and T of
lamellar symplectite; 4.7 kbar at 645 °C.
corona 2: granoblastic-
polygonal;
orientation: lamellae weakly
aligned perpendicular to garnet
substrate
BB00 Metapelite Mafic Crd—Kfs Crd|Bt+Sil+Qtz |[Kfs ~ Corona thickness: No zonation described - Contact aureole  — - -
Complex <200 pum;
contact vermicule length:
aureole <30 um;
vermicule spacing: >5 um;
vermicule shape: vermicular
symplectite
WMP04  Metapelite Ross of Corona 1: Corona 1: Corona thickness: Zonation not described; P-T estimates based Contact aureole — - =
Mull Ky-Bt— Ky|Crd + Ms|Qtz+ Bt;  corona 1: <350 um; apparently in equilib- on relative stability of
contact Qtz; corona 2: corona 2: < 1000 um; rium phases on P, T grids
metamorphic corona 2: Grt|Crd+ Bt|Qtz+Ms  vermicule length: corona 1: —;
aureole, Grt-Qtz— corona 2: <20 um;
Scotland Ms vermicule spacing: — ;
vermicule shape:
corona 1: fibrous intergrowth;
corona 2: elongate, anhedral bi-
otite laths in cordierite;
orientation: vermicules weakly
aligned perpendicular to reac-
tant substrate
L04 Metatroctolite Buck Creek  OI-P1 0I|Opx|Cpx + Spl Corona  thickness: 0.5~ Equilibrium. No varia- 700900 °C and - Single-stage Closed: no Overall corona reaction mod-
ultramafic symp| Pl 0.75 mm; tion in composition. >9kbar diffusion elled by SVD matrix technique.
body, North 0!|Opx|Cpx + Hbl vermicule length: —; modelling per-  Possible mass balance reactions
Carolina symp| Pl vermicule spacing: —; formed. SVD are generated by SVD tech-
Blue Ridge 0l|Opx|Cpx + Spr vermicule shape: vermicular (singular value nique. A successful model is

symp| Pl

symplectite and elongate or
columnar Opx laths;
orientation:  strongly  ori-
ented perpendicular to layer
boundaries

decomposition)
analysis
concludes Hbl
of primary
metamorphic
origin — not
retrograde after
Cpx.

one that reproduces a sensi-
ble overall reaction with resid-
uals that match expected an-
alytical errors (Lang et al.,
2004). Closed-system approxi-
mation possibly invalid.
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Table A2. Summary of retrograde corona occurrences in the literature.

Tag Bulk Location Reactants Corona product Corona thickness, vermicule Equilibration P, T of corona Inferred P-T Layer growth Diffusion Comments
comp assemblage length, vermicule spacing formation path model model
CJo1 Metagabbro Llano Up- Corona 1: Corona 1: Corona 1: Disequilibrium. - Isothermal de-  Single-stage Open:
lift, central Grt- Qtz; Grt|P14 Mgt|Opx + corona thickness: Pl=60um; Pl less calcic and compression Grt-Qtz:
Texas corona 2: Aug|Qrz; Opx + Hbl =20 um; amphibole Fe /Mg Lye>Lmg >
Grt-Omp corona 2: vermicule length: <5-10 um; and  Al/Si  ratios Lca > La >
Grt|Pl 4 Prg symp|Mg-  vermicule spacing: — ; decrease toward Ls;;
Hbl|P1+ Mg- vermicule shape: Pl + Mgt quartz/omphacite Grt-Omp:
Hbl + Opx symp|Omp — granoblastic-polygonal; (Anzs-Angg). Lyg =~
Opx + Aug — columnar; Lpe>Lmg >
orientation: columnar Lsi>Lcy >
Opx + Aug perpendicular Lap
layer boundaries;
corona 2:
corona thickness: 200 pm;
vermicule length: <240 um;
vermicule shape: granoblastic-
polygonal PI; vermicular/rod-
like Hbl and Opx;
orientation: weakly perpendic-
ular to layer boundaries
CPG89  Metapelite  Mac. Corona 1: Corona 1: Corona thickness: - - Isobaric cool-  Single-stage - -
Robert- Crd-Spl; Spl|Mgt|Sil|Crd; corona 1: 200 um; ing following
son Land, corona2: corona 2: corona 2: < 120 um; isothermal
Antarctica Spl-Matrix ~ Spl|Grt+ Sil + Crd|Grt  corona 3: 30—120 pum; decompression
(Grt + Sil + grain size: <layer thickness;
+ Sil + Qtz + Kfs; grain shape: granoblastic-
Qtz+Kfs);  corona3: polygonal;
1Im|Sil|Grt orientation: none
corona
3:
TIm-Grt
K03 Metapelite  Mather Corona 1: Corona 1: Corona thickness: Disequilibrium. 750-800°C and 7- Decompressive  Single-stage - -
Paragneiss,  Grt-Qtz; Grt|Crd + Opx <0.5mm; Crd Xwmg varies across ~ 8kbar (modal P-T-X  cooling on
Rauer corona 2: symp|Opx|Qrz; grain size: —; symplectite — generally  relationships from  clockwise path
Group, Grt-Bt; corona 2: grain shape: —; not systematically, but pseudosections)
Antarctica corona 3: Grt|Crd + Opx orientation: symplectite  Xpg may increase to-
Sil-Opx symp|Pl|Bt; phases perpendicular to layer ward Opx.
corona 3: boundaries No variation in Opx
Sil|Crd|Opx composition.
WPCO02  Fe-rich Musgrave Grt-Matrix ~ Grt|Spl + Qtz + Grt| Corona thickness: Equilibrium. 800-850°C and 5.5- Clockwise path  Sequential - Coronas develop in response
metapelites Block, (Sil,  Qtz, Matrix; <0.5mmy; 6.0 kbar with minor to changing modes in a
Central Kfs, Bt) Grt encloses Spl in  grainsize: 0.05-0.2 mm; (P-T-X relationships  decompression high-variance equilibrium
Australia corona grain shape: granoblastic- from pseudosections) dominated by assemblage. No  univariant

polygonal/interlobate;
orientation: none

cooling

reaction is crossed. Garnet is
still stable. Implies that decom-
pression implied by this texture
may have been overestimated
in other terranes (Harley, 1989).
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Table A2. Continued.
Tag Bulk Location Reactants Corona product Corona thickness, vermicule Equilibration P, T of corona Inferred P-T Layer growth Diffusion Comments
comp assemblage length, vermicule spacing formation path model model
ACKO7  Metapelite Neocene Grt-Matrix ~ Grt|Spl+Crd +Kfs+  Corona thickness: Equilibrium. No sys- 820+350°C, Rapid de-  Single- - Plagioclase  rind  between
volcanic (Bt+Sil4  Melt (glass)|Matrix; <150 um; tematic  variation in 4.5+0.6kbar (ternary compression stage/sequential cordierite and spinel is at-
province, Pl) Pl rinds separate Spl vermicule length: <50 um; spinel or cordierite feldspar thermometry, during  erup- tributed to isobaric cooling
El Hoyazo, from Crd. vermicule spacing: —; composition. Grt—Crd thermobarom-  tion  followed post-eruption.
Spain vermicule shape: euhedral Spl etry, GASP barometry) by isobaric
and  granoblastic-interlobate cooling
Crd;
orientation: no  preferred
orientation
TO6 Metapelite Mather Grt Grt|Spr + Opx + Crd Corona 5: No variation in corona Two groups of post- Clockwise (1-4)  Single- -
Paragneiss,  Grt-Melt symp corona thickness: cordierite observed. peak P-T estimates: path with near stage;
Rauer Sil-Opx Grt|Bt+Crd layer 1: <2mm; Symplectitic 980-1010°C (Grt-Opx  isothermal (5) sequential
Group. Grt-Qtz symp|Melt layer 2: 1 mm; orthopyroxene: thermobarometry) and  decompres-
Grt— Sil|Spr + Crd grain size: <0.5 mm; Xmg = 0.71-0.72; ~ 10kbar; sion under
Cpx + Hbl symp|Opx grain shape: Opx; is vermic- 4.1-4.2  Al,O3wt%. ~800°C and ~7kbar ultra-high T
Grt|Crd 4 Opx ular, Opxy is euhedral and Symplectitic Spr: (Grt-Bt thermometry).  followed by
symp|Opx|Qtz columnar; Si=1.36-1.39a.p.fu. decompression
Grt|Opx |+ P1|Opx,+ Pl  orientation: cooling
symplectite vermicules strongly
+ Mgt|Cpx+Hbl aligned perpendicular to layer
boundaries
G72 Olivine Sognefjorden OI-P1 Type 1: Corona thickness: Disequilibrium. 1000°C and 12kbar Cooling from Sequential - Coronas 1-4 are considered to
pod in and Ol|0Opx|Cpx|Grt|Cpx +  type 2: Type 2 corona: (Grt—Cpx  thermome-  peak igneous T represent transient, increasingly
anorthosite Bergen, Opx: 6-15mm; Cpx: 4-6mm; Bergen: Opx strongly try); at high pressure more evolved stages of corona
Norway Spl|PL; Grt: 7-15 mm; zoned — Al content cooling to 500 °C development on the P-T path.
type 2: type 3: and Xpe increase from
Ol|0px|Cpx|Grt+ Cpx  Opx: 1 cm; Cpx: Smm; Grt: 5—  olivine toward Pl. Gar-
8§ mm; net strongly zoned — Ca
+ Spl|PL; type 4: decreases and Mg + Fe
type 3: Opx: 3mm; Cpx: 1mm; Grt: increases towards Cpx.
OI|Cpx|Grt + Cpx + 2mm; Sognefjorden: all
Spl|PL; grain size: —; phases homogeneous.
type 4: grain shape: —; Type 3 corona:
OI|Cpx|P1|Grt|PI orientation: — all phases homoge-
neous, except garnet,
where Ca decreases
toward Cpx.
Type 4 corona:
Mg and Ca increase in
Cpx toward plagioclase
layer. Ca decreases in
the garnet layer toward
plagioclase layer.
MAS3 Olivine NE Scot- OI-Pl OI|Opx|Hbl|[Hbl + Corona thickness: Disequilibrium. Amphibolite facies. No  Cooling from  Single-stage Open:
metagab-  land Spl/An symp| Pl Opx: 70um; Hbl: 30um; Al content and Xp. of quantitative  thermo- peak igneous T’ Lpe = Lmg =
bro Hbl + Spl: 100 pm; Opx and Hbl increase  barometry. Lca>La>Lsi

Spinel vermicule length:
0.5-5 um (max 30 pm);
vermicule spacing: — ;
vermicule shape: subhedral,
columnar Hbl 4 Opx; vermicu-
lar spinel;

preferred orientation: perpen-
dicular layer boundaries

toward PI reactant.

Opx:

Alcy = 0.03-0.07;
XFe = 0.26-0.28.
Hbl:

Alcay =2.72-2.77;
Xpe = 0.28-0.26.
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Table A2. Continued.
Tag Bulk Location Reactants Corona product Corona thickness, vermicule Equilibration P, T of corona Inferred P-T Layer growth Diffusion Comments
comp assemblage length, vermicule spacing formation path model model
LAL87 Metapelite Paderu, Corona 1: Corona 1: - No systematic variation 900+ 60 °C and Decompressive  Single-stage - Variation in corona mineralogy
Southern Spr—Qtz; Spr|Sil|Opx/Crd|Qtz; recorded for any corona 6.5+ 0.7 kbar to  cooling on dependent on topology of pet-
India corona 2: corona 2: phases. 760 £50°C and  clockwise path rogenetic grid and local varia-
Spl-Qtz; Spl|Spr|Sil|Qtz 5.0£0.6kbar  (Grt— tion in bulk composition ((geQ,
corona 3: Spl|Spr|Opx|Qtz Opx thermobarometry) WEe203 and Lg20)
Spr-Sil; Spl|Sil|Opx|Qtz and relationships on the
corona 4: Spl|Spr|Sil|Grt/Opx|Qtz; FMASH  petrogenetic
Opx-Melt grid
corona 3:
Spr|Opx|Sil;
corona 4:
Opx|Bt+ Qtz
symp|Melt
004 Metapelite Kon  Tum  Grt-Qtz Grt|£Prp£ Spl symp|  Corona thickness: Disequilibrium. Zona- Cooling from 9kbar, Isothermal de- Sequential - Assumed preserved metastable
Massif, Crd + Opx symp layer: <400um; mono tion noted but not 1000°C to 6.5kbar, compression on equilibria in corona represent
Central symp|Opx|+ Pl + Kfs Opx: <100 um; described. 800°C from FMASH clockwise path discrete P—T conditions.
Vietnam |01z vermicule length: 20-100 um;  Symplectite Opx: petrogenetic grid, Xa]
vermicule spacing: 10-30um;  Xpg = 0.62-0.70; and Xy contours
vermicule shape: 5.8-7.6 Al,O3 wt %
symplectite: vermicular; Crd: Xmg = 0.82-
monomineralic Opx: colum-  0.84;
nar/blocky; Spl: needles/rods; Spl: Xmg = 0.67-
orientation: 0.71;
weakly oriented perpendicular  mono Opx:
to layer boundaries x_sw =0.67-0.71;
4.7-5.3 Al,O3 wt %.
TO4 Metapelite Ganguvarpatti, Corona 1: Corona 1: Corona thickness: Near equilibrium.  Crd + Opx symp: Steep de-  Single-stage - -
Southern Grt- Grt|Opx = Spr = Spl| corona 1: <300 um; Minor  asymmetrical  950-990 °C, > 8 kbar; compressive
India Matrix; Matrix corona 2: layer 1: <1000 um; zonation in cordierite  Crd 4 Spr=4Spl symp:  cooling on
corona 2: (composite grain size: 50-100 um; described with highest 850-900 °C, 8 kbar clockwise path
Grt-Qtz symplectite); grain shape: Xmg values adjacent (Xpmg and Xa; Opx
corona 2: symplectite: needle-like Spr  to garnet (Xmg: 0.85-  thermobarometry,
Grt|Opx + Crd|Qtz rods; 0.89). Hensen and Harley,
monomineralic layers:  Spr Xmg: 0.73-0.75. 1990)
granoblastic-polygonal; Spl Xmg: 0.41-0.44.
orientation: Opx in corona 1: Al,O3
symplectite Spr  vermicules  contents 7.6-8.2 wt %.
strongly aligned radially w.rt  Opxincorona2: Al,O3
layer boundaries, Opx ver- contents 6.9-7.5wt %.
micules perpendicular to layer
boundaries
ZHO07 Metapelite Vestfold Corona 1: Corona 1: Corona thickness: Grty, zoned radially 600-680°C, 6-8kbar Isobaric cool-  Single-stage - -
Hills, East PIl-Opx; Pl1|Ply |+ Kfs|Grtyp+ corona I: wrt. Ca, Fe and Mg. (Garnet-Opx thermom-  ing
Antarctica corona 2: Qtz|Opx; layer 1: ?; Almgs_gg Grso_15 etry, GAFS barometry)
Grt-Pl corona 2: layer 2: <30 um; Prpro_21 Spsi—, with
Grt|Grty,+ Qtz|Ply layer 3: <170 um; Xmg of 0.21-0.24.

corona 2:

layer 1: < 100 um;

grain size: 5-100 um;

grain shape:

symplectite: granoblastic;
monomineralic layers:
granoblastic-polygonal;
orientation:

symplectite vermicules weakly
aligned perpendicular to layer
boundaries
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Table A2. Continued.
Tag Bulk Location Reactants Corona product Corona thickness, vermicule Equilibration P, T of corona Inferred P-T Layer growth Diffusion Comments
comp assemblage length, vermicule spacing formation path model model
TVR06  Metapelite Central Sil-Ged Sil|Spr £ Spl + Crd|Crd ~ Corona thickness: Equilibrium. Negligible ~ 500-570°C, 4-6kbar  Clockwise Single-stage - -
Zone, corona 1: compositional variation (X4 in Opx; Grt-Crd  decompressive
Limpopo |Ged layer 1: <100 um; described. thermobarometry) cooling
Belt, layer 2: <200 um;
Zimbabwe grain size: <100 um;
grain shape: symplectite:
needle-like Spr rods;
monomineralic layers:
granoblastic-
polygonal/interlobate;
orientation:
symplectite  Spr  vermicules
strongly aligned radially w.r.t.
layer boundaries
HM96  Metapelite Central Corona 1: Corona 1: Corona thickness: No systematic varia- ~800°C and ~6kbar Isothermal Single-stage - -
Zone, Sil-Opx; Sil|Spr + Crd corona I: layer 1: <80um; tion recorded for any (Grt—Opx thermometry, uplift followed
Limpopo corona 2: symp|Crd|Opx; layer 2: <400 um; phases. FMASH P, T grid) by isobaric
Belt, Grt—Qtz corona 2: corona 2: <500 pm; Corona 2: cooling
Botswana Grt|Opx + Crd vermicule length: symplectite Opx:
symp|Qtz corona 1: not resolvable; Xmg = 0.68-0.75;

corona 2: 50200 um;
vermicule spacing:

corona 2: ~ 20 um;

vermicule shape: symplectite
phases: vermicular;
monomineralic layers:
granoblastic-polygonal;
orientation:

Spr rods radially oriented w.r.t.
layer boundaries;

Opx vermicules perpendicular
to layer boundaries

4-9.0 Al,O3 wt %
Crd: Xpmg = 0.85-0.89.
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CJ91: Carlson and Johnson (1991); CPG89: Clarke et al. (1989); K03: Kelsey et al. (2003); WPCO02: White et al. (2002); KS99: Kriegsman and Schumacher (1999); N02: Norlander et al. (2002); HO6: Hollis et al. (2006); G80: Grew
(1980); BO4: Baldwin et al. (2004); ACKO07: Alvarez-Valero et al. (2007); T06: Tong and Wilson (2006); G72: Griffin (1972); MA83: Mongkoltip and Ashworth (1983); G88: Grant (1988); J86: Joesten (1986); WM73: Whitney and
McLelland (1973); D89: Droop (1989); LAL87: Lal et al. (1987); O04: Osanai et al. (2004); T04: Tamashiro et al. (2004); ZHO7: Zulbati and Harley (2007); M98: Markl et al. (1998); BPS87: Baker et al. (1987); BKOO03: Brandt et al.
(2003); TM85: Tracey and McLellan (1985); TVRO06: Tsunogae and Van Reenen (2006); HM96: Hisada and Miyano (1996).
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