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SUMMARY

Phase equilibria modelling has played a key role in enhancing
our understanding of metamorphic processes. An important
breakthrough in the last three decades has been the ability to
construct phase diagrams by integrating internally consistent
datasets of the thermodynamic properties of minerals, fluids
and melts with activity—composition models for mixed phases
that calculate end-member activities from end-member pro-
portions. A major advance in applying phase equilibria model-
ling to natural rocks is using isochemical phase diagrams to
explore the phase assemblages and reaction sequences applica-
ble for a particular sample. The chemical systems used for
modelling phase equilibria are continually evolving to provide
closer approximations to the natural compositions of rocks
and allow wider varieties of compositions to be modelled.
Phase diagrams are now routinely applied to metasedimentary
rocks, metabasites and intermediate to felsic intrusive rocks
and more recently to ultramafic rocks and meteorites.
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While the principal application of these phase diagrams is
quantifying the pressure and temperature evolution of meta-
morphic rocks, workers are now applying them to other fields
across the geosciences. For example, phase equilibria model-
ling of hydrothermal alteration and the metamorphism of
hydrothermally altered rocks can be used to determine ‘alter-
ation vectors’ to hydrothermal mineral deposits. Combining
the results of phase equilibria of rock-forming minerals with
solubility equations of accessory minerals has provided new
insights into the geological significance of U-Pb ages of
accessory minerals commonly used in geochronology (e.g. zit-
con and monazite). Rheological models based on the results of
phase equilibria modelling can be used to evaluate how the
strength of the crust and mantle can change through meta-
morphic and metasomatic processes, which has implications
for a range orogenic processes, including the localization of
carthquakes. Finally, phase equilibria modelling of fluid gener-
ation and consumption during metamorphism can be used to
explore links between metamorphism and global geochemical
cycles of carbon and sulphur, which may provide new insights
into the secular change of the lithosphere, hydrosphere and
atmosphere.

RESUME

La modélisation des équilibres de phases a joué un role clé
dans 'amélioration de notre compréhension des processus
métamorphiques. Une percée importante au cours des trois
dernieres décennies a été la capacité de construire des dia-
grammes de phase en y intégrant des ensembles de données
cohérentes des propriétés thermodynamiques des minéraux,
des fluides et des bains magmatiques avec des modeles d'activ-
ité-composition pour des phases mixtes qui déduisent I'activité
des membres extrémes a partir des proportions des membres
extrémes. Une avancée majeure dans l'application de la modéli-
sation d'équilibre de phase aux roches naturelles consiste a
utiliser des diagrammes de phases isochimiques pour étudier
les assemblages de phase et les séquences de réaction applica-
bles pour un échantillon particulier. Les systemes chimiques
utilisés pour la modélisation des équilibres de phase évoluent
continuellement pour fournir des approximations plus proches
des compositions naturelles des roches et permettent de mod-
¢liser de plus grandes variétés de compositions. Les dia-
grammes de phase sont maintenant appliqués de fagon rou-
tiniere aux roches métasédimentaires, aux métabasites et aux
roches intrusives intermédiaires a felsiques et plus récemment
aux roches ultramafiques et aux météorites.
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Bien que l'application principale de ces diagrammes de
phase consiste a quantifier 1'évolution de la pression et de la
température des roches métamorphiques, les utilisateurs les
appliquent maintenant a d'autres spécialités des géosciences.
Par exemple, la modélisation des équilibres de phase de l'altéra-
tion hydrothermale et du métamorphisme des roches d’altéra-
tion hydrothermale peut étre utilisée pour déterminer les
« vecteurs d'altération » des gisements minéraux hydrother-
maux. L.a combinaison des résultats des équilibres de phase des
minéraux constitutifs des roches avec des équations de solubil-
ité des minéraux accessoires a permis d’en savoir davantage sur
la signification géologique des ages U-Pb des minéraux acces-
soires couramment utilisés en géochronologie (par exemple
zircon et monazite). Les modecles rhéologiques basés sur les
résultats de la modélisation des équilibres de phase peuvent
étre utilisés pour évaluer comment la résistance de la crotte et
du manteau peut changer a travers des processus métamot-
phiques et métasomatiques, ce qui a des implications sur une
gamme de processus orogéniques, y compris la localisation des
séismes. Enfin, la modélisation des équilibres de phase de la
génération et de 'absorption des fluides pendant le métamor-
phisme peut étre utilisée pour explorer les liens entre le méta-
morphisme et les cycles géochimiques globaux du carbone et
du soufre, ce qui peut fournir de nouvelles perspectives sur le
changement séculaire de la lithosphere, de I'hydrospheére et de
l'atmospheére.

Traduit par le Traductenr

INTRODUCTION
Phase diagrams are graphical representations of the phases
that coexist in a system as a function of different thermody-
namic variables. In metamorphic geology, phase diagrams are
commonly used to evaluate the absolute pressures (P) and tem-
peratures (1) experienced by metamorphic rocks from which
their geodynamic settings can be inferred (e.g. England and
Thompson 1984; Spear 1995; Brown 2007, 2014). These dia-
grams are also combined with the results of accessory or
major mineral geochronology to elucidate the P—T—time(?)
paths experienced by metamorphic rocks (e.g. petrochronolo-
gy; Mottram et al. 2014; Ambrose et al. 2015; Stevens et al.
2015; Dragovic et al. 2016). However, metamorphic phase dia-
grams have much broader applications across the geosciences.
Here, I review some recent applications of phase equilibria
modelling of metamorphic rocks and processes and discuss
some of the broader implications of these studies. First, 1
review some basics of phase equilibria modelling and phase
diagrams. Second, I present some of the recent applications of
phase equilibria modelling to different fields of the geo-
sciences, including tectonics, earthquakes, linking deep mantle
petrology with the observations from geophysics, mineral
deposits and hydrothermal alteration, the behaviour of acces-
sory minerals, metamorphism of meteorites, and linking fluid
production in metamorphic rocks to global geochemical
cycles. Finally, I discuss some of the assumptions and limita-
tions of applying the equilibrium approach to understanding
metamorphic processes. A review by Spear et al. (2016) pro-
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vides an excellent summary of additional advances in meta-
morphic geology over the last 50 years and discusses some
outstanding questions to be addressed in this evolving field of
research.

PHASE DIAGRAMS

Phase Equilibria Modelling

Phase equilibria modelling can be used to predict the stable
metamorphic phase assemblage in a rock for a set of thermo-
dynamic variables (usually variations in P and T). Note that 1
prefer the term phase assemblage to mineral assemblage because
most metamorphic assemblages develop with a fluid and/or
melt phase in equilibrium with the mineral assemblage and this
needs to be considered in phase equilibria modelling. Con-
structing phase diagrams that display equilibrium phase assem-
blages requires an understanding of the phase rule and of
equilibrium thermodynamics (e.g. Powell 1978; Spear 1995)
that is beyond the scope of this contribution. There are several
resources that provide good introductions to the fundamentals
of phase equilibria including short-course notes by R. Powell
(1991) on the THERMOCALC website (http://www.meta-
motph.geo.uni-mainz.de/thermocalc/) and the textbooks by
Spear (1995) and Vernon and Clarke (2008). Here, I provide a
general overview of the common types of phase diagrams,
discuss some recent examples, and explore how the results of
phase equilibria modelling can be linked to various geological
processes. Throughout, I assume that the modelled system has
achieved equilibrium, meaning that the proportions and com-
positions of all phases in a system (e.g. rock) at a given set of
conditions (usually P and T) reflect the minimum free energy
configuration. This is a main principle of phase equilibria
modelling. The limitations of applying this approach to natural
systems are discussed later.

Phase diagrams are graphical representations of the equi-
librium phase assemblages in a system as a function of inten-
sive and/or extensive vatiables (e.g. Powell et al. 2005). Intensive
variables are independent of the amount of material in a sys-
tem, and are identical in all parts of an equilibrated system.
Examples of these are temperature, pressure and chemical
potential that are equalized in metamorphic systems through
conduction, deformation and diffusion, respectively. Exzensive
variables depend on the number of moles of the components
in the system (e.g. volume, entropy, composition).

The majority of metamorphic phase diagrams use intensive
variables as axes (mostly P and T) because these are the most
useful diagrams for linking metamorphic phase assemblages to
tectonic processes and to tectonic models of orogenesis. Such
tectonic models can predict the pressure—temperature (P-T)
paths of different tectonic processes and against which con-
straints from phase equilibria modelling and geochronology
can be evaluated (e.g. England and Thompson 1984; Thomp-
son and England 1984; Jamieson et al. 1996, 1998, 2004, 2010).
Phase diagrams with extensive variables as axes are less common
but are particularly useful for investigating metamorphic
processes, such as evaluating volume changes in metamorphic



GEOSCIENCE CANADA Volume 44

systems (e.g. Powell et al. 2005; Guiraud and Powell 2006) and
modelling the redox budget of metamorphic rocks (e.g. Evans
et al. 2013).

Petrogenetic Grids

Metamorphic phase diagrams have evolved in complexity since
their conception in the early half of the 20" century. Bowen
(1940) was one of the first researchers to prgject a series of uni-
variant equilibrium curves onto a P-T plane to evaluate the
metamorphic reactions that can occur over a range of pres-
sures and temperatures. The projection of all of these univari-
ant curves onto a common surface results in a network of lines
(and points) that define a petrogenetic grid for the modelled
chemical system. The topology of these diagrams can be con-
strained using the method of Schreinemakers (e.g. Zen 1960).

Bowen (1940) modelled the metamorphic reactions of
siliceous limestone and dolostone in the relatively simple
CaO-MgO-SiO,—CO, chemical system. Over the latter part of
the 20" century, phase diagrams in larger chemical systems
were developed and applied to a wider variety of rock types.
Petrogenetic grids were constructed and refined using a com-
bination of experimental studies of metamorphic reactions
(e.g. Carrington and Harley 1995) and natural equilibrated
phase assemblages (e.g. Pattison and Harte 1985). Grids appli-
cable to metapelitic rocks were constructed in the K,O-FeO—
MgO-ALO,-Si0,~H,0 (KFMASH) system (e.g. Albee 1965).
Following on from this work the chemical systems of petroge-
netic grids continued to expand to become closer approxima-
tions of the true chemical composition of metamorphic rocks.
The KFMASH system was expanded to include Na,O
(Thompson and Algor 1977) and later CaO (Thompson and
Tracy 1979), which were critical for modelling the anatexis of
pelitic rocks.

Other important components were later included in petro-
genetic grids, such as manganese, which is of particular impor-
tance for garnet-bearing univariant equilibria (e.g. Spear and
Cheney 1989; Symmes and Ferry 1992; Tinkham and Ghent
2005; White et al. 2005), and ferric iron and titanium, which
allowed Fe-Ti1 oxides to be considered (e.g. White et al. 2007;
White et al. 2014a). A wide variety of petrogenetic grids is now
available to investigate rocks from low to high grade (e.g.
White et al. 2014a; Kelsey and Hand 2015) and for a range of
compositions (e.g. Will et al. 1990; Frey et al. 1991; Riesco et
al. 2004; White et al. 2007; Groppo et al. 2013). A recent exam-
ple of a petrogenetic grid constructed in the KFMASHTO
system applicable for suprasolidus rocks is shown in Figure 1a.
Univariant reactions are displayed as lines that connect at
invariant points. All phase abbreviations in this figure and the
remainder of this contribution are summarized in Table 1.

While petrogenetic grids provide an essential framework in
which to understand the reactions that take place in metamor-
phic systems, there are two main limitations when applying
them to natural rocks. The first is that petrogenetic grids are a
projection of all possible univariant reactions in a specified
chemical system onto a P-T plane. A specific rock will only
‘see’ a subset of the total number of univariant reactions; the
specific reactions that are encountered depend on the particu-

Table 1. Phase abbreviations used in the text and figures
(from Holland and Powell 2011).

ab  albite g garnet po pyrrhotite
atg antigorite H,O water pyr pyrite

bi  biotite ilm ilmenite q quartz

br  brucite ksp K-feldspar ru rutile

cc calcite ky  kyanite spr sapphirine
cd cordierite lig  liquid sid siderite
chl chlorite mt  magnetite sill  sillimanite
cm chromite mu muscovite sp  spinel

cpx clinopyroxene ol olivine

dol dolomite opx orthopyroxene

ep epidote pl plagioclase

lar bulk composition of the rock. While this can be accounted
for by using complementary chemographic diagrams in simple
chemical systems (e.gz KFMASH; Thompson 1957), this
approach does not easily lend itself to the larger chemical sys-
tems (e.g. MnNCKFMASHTO) where higher-dimensional
chemographic diagrams would be required. The second limita-
tion is that phase assemblages in metamorphic rocks generally
change through continuous or multivariant reactions rather
than univariant (discontinuous) reactions (e.g. Stiwe and Pow-
ell 1995). These multivariant reactions are not displayed on
petrogenetic grids. Furthermore, univariant reaction curves on
petrogenetic grids may yield the false impression that phase
assemblages change over narrow intervals in P-T space. In
reality, phase proportions (also known as #odes) and composi-
tions continuously change along a P-T evolution due to the
operation of multivariant reactions.

Isochemical Phase Diagrams

One of the most significant advances in metamorphic geology
in the last 30 years has been the development of isochemical
phase diagrams that are applicable to fixed bulk rock compo-
sitions (e.g. individual rock samples). The concept goes back to
Hensen (1971) who constructed schematic P-T" phase dia-
grams for particular bulk rock compositions in the MgO-
FeO-Al,0O,-S10, chemical system. R. Powell and colleagues
popularized this approach by developing the THERMOCALC
software package that solves a set of independent non-linear
equations to determine the stable phase assemblages (which
may include minerals, fluids and/or melts) as well as their com-
positions and modes across a P-T diagram for a fixed bulk
composition (Powell et al. 1998). THERMOCALC calculates indi-
vidual phase boundaries (and invariant points), which are then
combined manually into complete phase diagrams. As compu-
tational power increased, automated software packages were
developed to generate similar diagrams, but using Gibbs free
energy minimization as the numerical method to determine the
equilibrium phase assemblage (e.g. Connolly and Petrini 2002;
de Capitani and Petrakakis 2010).

Phase diagrams constructed for a fixed bulk composition
are called isochemical phase diagrams and have also been
called pseudosections in the metamorphic literature. Pseudosec-
tions are not true sections because the compositions of phases
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in the system may lie off the plane of the section (Powell
1991). Although pseudosection also applies to non-isochemical
phase diagrams, the term has largely become synonymous with
isochemical phase diagrams. The same term is also used in
geophysics to display 2-dimensional multi-electrode resistivity
data (e.g. Everett 2013). To avoid confusion, I will not use this
term from this point forward.

Isochemical phase diagrams consist of a series of geomet-
ric domains (e.g. panels) that are bounded by lines (Fig. 1b).
Each domain represents a stable phase assemblage and these
domains are commonly shaded (mainly for convenience) so
that darker shades indicate relatively high-variance assemblages
and lighter shades represent low-variance assemblages. Each
domain is generally labelled with the stable phase assemblage.

In contrast to the lines representing reactions in a petroge-
netic grid, the lines on an isochemical phase diagram represent
the P—T conditions where the mode of a mineral, fluid or melt
goes to zero. Isochemical phase diagrams can be more power-
ful than petrogenetic grids because they can be contoured for
phase proportions and compositions that can be used to quan-
tify the P-T conditions and the reaction sequence of a partic-
ular rock during prograde and retrograde metamorphism.
These contours are commonly referred to as Zsopleths in the
metamorphic community. This information can be combined
with petrographic observations and the results of electron
probe microanalysis of mineral compositions to constrain a P—
T path.

The two most important factors in constructing an iso-
chemical phase diagram for a rock is choosing an appropriate
chemical system and using a representative bulk composition
for the assumed volume of equilibration. The modelled chem-
ical system is a necessary simplification of the more complex
natural system, but it should include the key components that
make up the phases of interest in a sample. For example, the
KFMASH system is appropriate for modelling many
metapelitic rocks but the calculated equilibria would not
include plagioclase. This system also does not consider man-
ganese, which can significantly extend the stability of garnet to
lower temperatures (e.g. Symmes and Ferry 1992; Mahar et al.
1997; Tinkham et al. 2003; White et al. 2014b). In general, it is
good practice to model in the largest chemical system possible,
which represents the closest approximation to the natural rock
composition.

Bulk composition can be determined in several ways: (1)
crushed and milled rock samples can be analyzed using X-ray
fluorescence or other bulk analytical techniques, (2) major ele-
ment mapping of thin sections using pXRF or scanning elec-
tron microscopy (e.g Indares et al. 2008), and (3) combining
point counting or automated mineral mode analysis (e.g
QEMSCAN and MIL) with mineral compositions obtained by
electron microprobe analysis (e.g. Carson et al. 2000; Lasalle
and Indares 2014). Each of these methods has advantages and
disadvantages, but the result should be a bulk composition that
approximates the equilibration volume of the rock. Additional
factors that need to be considered in some cases are the con-
centration of CO, and H,S in the fluid phase (Tomkins and
Evans 2015), the amount of H,O in the bulk composition (e.g.
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Figure 1. (a) Petrogenetic grid of selected suprasolidus univariant reactions for
metapelitic rocks in the K,O-FeO-MgO-Al,0;-SiO,—H,0-TiO,—O system
(modified from White et al. 2014a). Blue lines are for reactions that include mag-
netite and red lines are for reactions that include rutile. Note that some labels are
omitted for clarity. (b) Isochemical P-T phase diagram for the average amphibolite-
facies metapelite composition of Ague (1991) and modified from Yakymchuk et al.
(2017). Each field contains the equilibrium phase assemblage and each line is where
the proportion of one phase goes to zero. Fields are shaded so that light shades are
low-variance assemblages and dark shades represent high-variance assemblages. Sil-
icate melt (liq) and ilmenite (ilm) are present in each field of the diagram.

White et al. 2007), as well as the oxidation state of the system
(e.g. Boger et al. 2012; Evans et al. 2013).

Once a bulk composition is determined, there are two main
computational approaches to constructing isochemical phase
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diagrams. Both approaches require an internally consistent
thermodynamic database (e.g. Helgeson et al. 1978; Berman
1988; Holland and Powell 1998, 2011) and activity—composi-
tion models that relate end-member proportions to end-mem-
ber activities for the solid-solution minerals as well as for com-
plex fluid and melt phases (e.g. Evans et al. 2010; White et al.
2014a; Green et al. 2016).

The first computational approach is to use Gibbs free ener-
gy minimization to determine the stable phase assemblages at
a given P-T condition. Two common software packages avail-
able for this approach are Perple_X (Connolly and Petrini
2002; http:/ /www.perplex.ethz.ch) and THERIAK-DOMI-
NO (de Capitani and Brown 1987; de Capitani and Petrakakis
2010; http://titan.minpet.unibas.ch/minpet/theriak/theruser.
html). They are user-friendly and can automatically calculate
most phase diagrams relatively quickly (generally minutes to
hours). The output is a complete phase diagram and associated
files with other calculation information. An additional benefit
of Gibbs free energy minimization programs is the ability to
casily explore thermodynamic data and activity—composition
models of end-member activities.

A second approach is to determine the solution of simul-
taneous non-linear equations to build up an array of points
and lines that make up a metamorphic phase diagram (THER-
MOCALC: Powell and Holland 1988, 2008; Powell et al. 1998).
This is a more time-consuming approach, but workers acquire
a deeper understanding of how phase diagrams are developed.

Compositional Phase Diagrams

The most common type of phase diagrams in metamorphic
studies is isochemical P-T phase diagrams. Another class of
phase diagrams is used to evaluate changes in the chemical
composition of the system. In these diagrams, one or more
axes represent compositional variables that can be intensive
(e.g. molar ratios) or extensive (e.g. weight % or mol. % of a
component). Compositional phase diagrams include Pressure—
Composition (P=X), Temperature—Composition (1-X), and Composi-
tion—Composition diagrams (X—X). Figure 2 shows examples of
cach of these. Note that the same topological features
described above for isochemical phase diagrams also apply to
the compositional phase diagrams.

Figure 2. (opposite) Selection of phase diagrams calculated where one or more axes
are compositional vatiables. (a) Pressure—Composition calculated at 890°C showing the
sensitivity of phase assemblages in pelite to the oxidation ratio, which is defined as
molar (|2 x Fe,03 x 100] / [2Fe,03 + FeOl). The vertical axis on the left-hand side
of the diagram is for metapelite with ~1% of iron in the fertic state and the right-
hand side is the same metapelite but with roughly ~33% of the iron in the ferric
state. Note that the oxidation ratio affects the stability of oxides (e.g. magnetite) and
silicate minerals (e.g. garnet and sillimanite). Modified from Boger et al. (2012). (b)
Temperature—Composition phase diagram calculated at 10 kbar for sapphirine—quartz
granulite (modified from Korhonen et al. 2012). The horizontal axis is the amount
of H,O in the modelled bulk composition ranging from 0 mol.% (left side) to 1.34
mol.% (right side). The solidus (dashed line) is sensitive to the amount of H,O. (c)
Composition—Composition diagram calculated at 1.5 kbar and 320°C for greenschist-
facies metabasite (with a constant fluid composition of X, = 0.25) from an oro-
genic gold deposit illustrating the sensitivity of carbonate minerals to the bulk com-
position of K,O on the vertical axis and the relative amount of Fe to Mg on the
horizontal axis (modified from White et al. 2003).
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The P-X diagram in Figure 2a is from Boger et al. (2012)
and has P on the vertical axis (similar to most P-T phase dia-
grams) and the horizontal axis relates to the ratio of ferric to
ferrous iron in the bulk composition, which is a proxy for the
oxidation state of the system. Here the diagram illustrates that
the stability of oxide (e.g. magnetite) and silicate minerals (e.g;
garnet and sillimanite) is sensitive to changes in the oxidation
state of the system. For example, garnet is stable and mag-
netite is unstable over the modelled pressure range for relative-
ly reducing systems (left side of diagram), whereas on the right
side of the diagram the opposite is true.

A T=X diagram from Korhonen et al. (2012) in Figure 2b
illustrates the sensitivity of the solidus temperature in a
metasedimentary rock to changes in bulk rock water content.
The solidus is at higher temperatures for drier bulk composi-
tions (left side of the diagram). A prediction of this phase dia-
gram is that melting can initiate due to an increase in the pro-
portion of water in the system at a constant temperature. For
example, the addition of ~1 mol.% (~0.4 wt.%) of H,O to a
completely dry rock at 900°C will cause it to melt at < 800°C.

While not common, X=X diagrams are particularly useful
in studies of hydrothermal alteration and metasomatism (e.g.
White et al. 2003; Riesco et al. 2005). An example from White
et al. (2003) is shown in Figure 2c. This diagram was calculated
at 1.5 kbar at 320°C with a constant fluid composition of X,
= 0.25 (molar CO, / [H,O + CO,)). Here the vertical axis rep-
resents the molar proportion of K,O in the bulk composition.
Higher values approximate the degree of potassic alteration.
The horizontal axis extends along a range of mafic protolith
compositions with variable X, (molar Fe/[Fe+Mg]). Note that
in some cases an equivalent amount of potassic alteration will
produce the same alteration minerals (e.g. mu+chl+dol+sid at
K,O = 0.3) across the range of protolith compositions. In
other scenarios, potassic alteration will produce different alter-
ation minerals for protoliths with variable X}, values. For
example, at a K,O value of 0.2, siderite is stable in the high X},
compositions but is absent in compositions with X, < 0.64.

Volumetric Phase Diagrams

One of the assumptions when constructing isochemical P-T'
phase diagrams is that changes in pressure are accommodated
by changes in volume (e.g via deformation of the rock). Like-
wise, we generally assume that heat flow accommodates
changes in T. The effects of volume change are particulatly
important in studies of migmatites (e.g. Powell et al. 2005) and
ultra-high pressure mineral assemblages (e.g. Guiraud and
Powell 2000), as well as in studies of the serpentinization of
ultramafic rocks (Kelemen and Hirth 2012).

For a P-T isochemical phase diagram to be an effective
model of a natural system, we assume that the rock deforms
relatively quickly to maintain a constant pressure. Melt is a rel-
atively high-volume phase relative to most silicate minerals and
the production of melt can potentially induce large volume
changes in a rock. For some rock types, such as metabasite and
some greywackes, melt is predicted to be produced more or
less continuously along a prograde P-T path (e.g. Johnson et
al. 2008; Yakymchuk and Brown 2014a; Palin et al. 2016b).
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However, rocks such as metapelite also contain narrow low-
variance fields. In these fields, melt is generated over relatively
small temperature intervals, which potentially represents a
more pulsed nature of melt generation. In these cases, a rela-
tively small increase in temperature is predicted to generate a
large quantity of melt resulting in a correspondingly large vol-
ume increase.

Some of these aspects were explored by Powell et al. (2005)
for a model aluminous metapelite composition. An isochemi-
cal P-T phase diagram for this composition is shown in Figure
3a and it is contoured for molar volume. A complementary
Volume—Temperature diagram from Powell et al. (2005) is shown
in Figure 3b. Note that the volume is presented as molar vol-
ume. The diagram is contoured for isobars (lines of constant
pressure) to illustrate the changes in volume that occur at dif-
ferent pressures during isobaric heating. Consider an isobaric
heating path at 5 kbar. There are two nearly vertical segments
(one at ~680°C and one at ~725°C) that relate to the relatively
low-variance fields that represent muscovite and biotite break-
down. As the isobaric path crosses these fields there is a large
volume change due to melt generation. If this relatively rapid
volume increase cannot be accommodated by local deforma-
tion in the rock’s environment, then the rock will respond to
the increase in melt volume and concomitant pressute increase
by fracturing or otherwise deforming to allow the melt to
escape, thereby re-establishing the ambient lithostatic pressure.
If melt is lost, the composition of the residue will change and
the isochemical phase diagrams calculated for the protolith
composition (Fig. 3a, b) are no longer valid. Some techniques
for accounting for melt loss are discussed later.

SOME RECENT APPLICATIONS OF PHASE EQUILIBRIA
MODELLING

P-T Determinations in Metamorphic Rocks

One of the principal applications of isochemical phase dia-
grams is linking the observed phase assemblages, reaction
sequences and phase modes and compositions to the P-1 con-
ditions of metamorphism. Figure 4 is an example of an iso-
chemical P-T phase diagram from Pearce et al. (2015a) for a
greywacke composition that is contoured for the X, (molar
Fe/[Fe+Mg]) of chlotite. For the example in Figure 4, note
that the X}, isopleths for chlorite are generally steeply dipping;
This indicates that this parameter is mostly sensitive to changes
in temperature. For the modelled rock, a peak assemblage of
epidote—chlorite—albite (plus the other phases that are stable
across the diagram) and a chlorite X, value of 0.60 would con-
strain the P-T conditions to P > 6 kbar at ~350°C. Isopleths
for other parameters can also be used to refine these P-T esti-
mates.

While mineral composition isopleths are useful for low-
temperature metamorphic rocks, their use at high temperatures
is complicated by retrograde exchange reactions during cooling
that change the compositions of the minerals from what they
were at peak conditions (e.g. Indares and Martignole 1985;
Spear and Florence 1992; Pattison and Bégin 1994; Kohn and
Spear 2000; Pattison et al. 2003). For these rocks, a better



volume 44

NCKFMASH (+q + sill)

7 (a) P-T phase diagram

287"
_x"z g ksp mu
ol g mu bi lig pl / bi lig pl

liquid-in

Pressure (kbar)

,,,,

molarl volume (cm?®/ mol)

750

700

Temperature ("C)

2017

NCKFMASH (+q + sill)

(b) V=T phase diagram
6 cd ksp lig

gar“e‘:\“

g cd ksp lig pl

N
[$)
T
ac
o

ksp lig pl

cordierite.,'n

N
N

molar volume (cm?/ mol)

________ par:="
___.6-!(-—-—7kbar

23 g mu ksp

bi lig pl

_______________ g mu ksp lig pl

pressure (kbar)

750 800

Temperature ("C)
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approach is to use the preserved assemblage to determine the
conditions of peak metamorphism and the modes of various
minerals to constrain the P—T path.

A simple example of using mode isopleths to interpret a P—
T path is shown in Figure 5 for a metasedimentary migmatite
from Yakymchuk et al. (2015). Here, the peak pressure assem-
blage contains biotite, garnet, sillimanite and liquid, which
defines a field of 850-900°C at P > 7-7.5 kbar (Fig. 5a). The
microstructures in the rock suggest the consumption of
biotite, garnet and sillimanite to produce cordierite (see inset in
Fig. 5a). The P-T field for the cordierite-bearing assemblage is
restricted to 840-890°C at 6-7.5 kbar, which is at a slightly
lower pressure than the eatlier garnet—biotite—sillimanite
assemblage. A schematic P-T path was constructed to connect
these two assemblage fields and the mineral and melt modes
were calculated along this path. The Pressure—Mode diagram in
Figure 5b summarizes the oxide-molar proportions (approxi-
mately equivalent to vol.% of phases in a rock) along the
decompression path. The modelling predicts that garnet,
biotite and sillimanite are consumed to produce cordierite and
melt during decompression, which links well with the inferred
petrogenesis.

Mineral Deposits and Hydrothermal Alteration

Phase equilibria modelling can be used to understand the gen-
esis of mineral deposits in both direct and indirect ways. Some
ore-forming processes can be directly modelled using phase

diagrams, such as the role of partial melting and melt extrac-
tion on upgrading magnetite and hematite concentrations in
iron ore (e.g. Morrissey et al. 2016). Other scenarios can be
modelled that are indirectly associated with mineralizing sys-
tems. For example, isochemical P-T phase diagrams can be
used to assess the quantity of melt generated from different
protoliths and the melting reactions that are responsible for
generating the magmas that ultimately differentiate to form
uranium deposits (e.g Jeanneret et al. 2016).

Phase equilibria modelling can also be used to (1) predict
alteration mineral assemblages (e.g. Elmer et al. 2007, 2008;
Evans et al. 2013; White et al. 2013, 2014c), (2) assess how
metamorphic assemblages develop in hydrothermally altered
rocks (e.g Pattison and Seitz 2012), (3) determine the compo-
sitions of fluids released during metamorphic reactions (White
et al. 2003; Phillips and Powell 2010), and (4) quantify the
amounts of mineralizing fluids responsible for forming
hydrothermal ore deposits (e.g. Pearce et al. 2015b). These
applications of phase equilibria modelling can provide ‘alter-
ation vectors’ to mineralization because alteration zones
around hydrothermal mineral deposits are usually much larger
than ore zones.

One of the strengths of phase equilibria modelling is that
a wide variety of alteration styles (e.g. carbonatization, potassic
alteration, fenitization, silicification) can be examined in
numerous rock types at different P-T conditions. The outputs
of phase equilibria modelling can provide predictions of alter-

https://doi.org/10.12789/geocanj.2017.44.114
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toured for the value of X, (molar Fe/[Fe + Mg]) in chlorite (modified from Pearce
et al. 2015a). The chlorite composition isopleths are generally steeply sloping, which
indicates that this variable is sensitive to temperature in this example. The modelled
plagioclase is roughly oligoclase in composition, which is predicted to coexist with
albite reflecting the ‘peristerite gap’ (e.g. Vry et al. 2008)

ation at several levels of detail ranging from the mineral assem-
blage (outcrop scale), to mineral modes (core and hand sample
scale) to mineral compositions (thin section scale).

White et al. (2003) applied phase equilibria modelling to
investigate potassic alteration of greenschist-facies metabasites
that host orogenic gold mineralization in the Kalgoorlie area
of Western Australia. Orogenic gold mineralization at Kalgo-
orlie is associated with carbonic and potassic alteration zones.
Figure 6a shows a temperature—composition phase diagram
where the amount of potassium in the bulk rock ranges from
negligible at the left side of the diagram to strong potassic
alteration at the right. Consider a constant temperature of
310°C on this diagram, which is approximately the tempera-
ture of gold deposition at Kalgoorlie (White et al. 2003). With
increasing potassic alteration (e.g. K,O being introduced into
the rock by an externally derived fluid) chlorite eventually dis-
appears from the assemblage when the amount of K,O in the
bulk rock reaches ~3.2 mol.% (Fig. 6a). While this is of some
use to an exploration geologist, a more detailed model of the
amounts of key alteration minerals is shown in Figure 6b. In
this diagram, the modes of alteration minerals vary as potassic
alteration increases. The amounts of muscovite and siderite
increase during potassic alteration at the expense of chlorite,
plagioclase and dolomite. At the far right of this diagram, the
amount of siderite reaches ~20 mol.% (roughly equivalent to
20 vol.%), which should be apparent in hand and core samples
or from the results of mineral liberation analysis (QEMSCAN
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Figure 5. An example of linking the predictions of phase equilibria modelling with
microstructural observations. (a) Isochemical Pressure—Temperature phase diagram for
a suprasolidus metapelite (modified from Yakymchuk et al. 2015). The isopleths are
for the modes of liquid, cordierite and garnet. The inset shows the breakdown of
garnet, sillimanite and biotite to cordierite. A schematic isothermal decompression
P-T path is shown by the bold arrow. (b) Pressure~Mode diagram showing the change
in the proportions of the key ferromagnesian minerals along the P-T path in (a).
Note that the modelling predicts the consumption of sillimanite, biotite and minor
garnet to produce cordierite, which is consistent with the microstructural observa-
tions.

or MLA). Although not discussed by White et al. (2003), addi-
tional outputs from the modelling can include the composition
of the different minerals (e.g. plagioclase). This information
can be linked with the results of electron probe microanalysis
to quantify the amount of potassic alteration.

Open System Behaviour and Melt Drainage

One of the key benefits of phase equilibria modelling is the
ability to model a large number of petrogenetic scenatios,
which can be prohibitively time-consuming for experimental
petrologists. An example of this is modelling open-system
behaviour in migmatites. The preservation of high-grade
metamorphic assemblages requires the loss of anatectic melt
to preserve high-temperature minerals such as garnet and
orthopyroxene (e.g. Spear et al. 1999; White and Powell 2002).
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Figure 6. An example of phase equilibria modelling applied to alteration associated
with gold mineralization. (a) Temperature—Composition (Alteration) phase diagram cal-
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hand side of the diagram. The left-hand side of the diagram represents an approx-
imate protolith composition. (b) An isothermal (310°C) and isobaric (1.5 kbar) Com-
position—Mode diagram showing the change in the proportion of phases with increas-
ing potassic alteration. Note that the amounts of muscovite and siderite increase at
the expense of chlorite, plagioclase and dolomite. Excess quartz and fluid (X, =
0.25) are assumed for both diagrams.

If melt stayed in the system, high-temperature minerals are
expected to retrogress to lower-temperature minerals during
cooling and melt crystallization. Because phase equilibria mod-
elling predicts the composition and mode of melt at P-T, a
specified amount of melt can be subtracted out of the bulk
composition leaving behind a more residual composition. This
has implications for quantification of the amount of melt
extracted from a system, determination of the change(s) in the
rheological behaviour (e.g. strength) of migmatite during pro-
grade metamorphism and evaluation of the tectonic processes
that operate in the anatectic crust.

Yakymchuk and Brown (2014a) modelled the changes in
the fertility (i.e. amount of melt that can be produced during

anatexis) and density of a metapelite during a metamorphic
evolution with periodic melt drainage events. These authors
assumed that melt drains from the system when the propor-
tion of melt reached a critical threshold. This critical value was
set at 7% melt, which is a rheological threshold where melt is
assumed to form an interconnected network along grain
boundaries (e.g. Rosenberg and Handy 2005) that allows melt
drainage out of the system. Yakymchuk and Brown (2014a)
assumed that when the melt proportion reached the 7%
threshold, 6% melt was drained from the system, which leaves
1% in the system. However, this exercise can easily be done for
different melt thresholds including quasi-continuous melt
extraction, which may be applicable to migmatites with high
melt fractions undergoing syn-anatectic deformation (e.g
Vigneresse and Burg 2000). Figure 7a shows Temperature—Mode
diagrams calculated for closed system (undrained) and open
system (drained) metamorphism along an isobaric heating path
at 12 kbar. Note that the changes in mineral modes are roughly
equivalent up-temperature between the two scenarios. One
notable exception is that the proportion of melt produced in
an open system (30%) is less than the amount generated in a
closed system (36%). The effect of melt drainage on the
reduced ability of the rock to generate additional melt is even
more significant for decompression P-T paths (cf. Yakymchuk
and Brown 2014a).

The effect of anatexis and melt drainage on rock density
for an isothermal decompression path at 820°C for the same
metapelite is shown in Figure 7b. The density of the migmatite
(e.g. the density of the residue plus any melt in the system) is
compared with the density of the immediately overlying sub-
solidus crust for the same protolith composition. Similar to the
isobaric heating path, melt loss events are labelled on the dia-
gram at the 7% melt threshold. During decompression from
12 kbar the migmatite is of equivalent or greater density to the
overlying subsolidus crust until ~ 6 kbar. At this pressure,
biotite and sillimanite break down to produce cordierite, which
is a relatively low-density mineral. This causes the density of
the migmatite to decrease to values below that of the overlying
crust during further decompression, which creates a buoyancy
contrast. The positive buoyancy of the migmatite relative to
the overlying crust may be a mechanism that enhances the
exhumation of migmatite gneiss domes and metamorphic core
complexes (e.g. Whitney et al. 2013).

Mayne et al. (2016) developed an algorithm that models the
same open-system melting scenario as Yakymchuk and Brown
(2014a), but for a much larger number of P-T paths. The con-
clusions of Mayne et al. (2016) were the same as Yakymchuk
and Brown (2014a), although their new algorithm can be
applied to numerous other path-dependent open-system
processes.

Deformation and Tectonics

Partial melting has significant implications for the rheology of
the deep crust. The decrease in strength of the crust during
anatexis is well established for closed systems (e.g. Rosenberg
and Handy 2005), but the consequences of melt extraction on
the strength of the remaining residuum in the deep crust are
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Figure 7. An example of phase equilibria modelling applied to open system behav-
iour and melt loss during high-temperature metamorphism (modified from Yakym-
chuk and Brown 2014a). (a) Temperature—mode diagrams for isobaric heating at 12
kbar for an average amphibolite-facies metapelite. Two scenarios are shown: a
closed system (undrained) where all of the melt produced remains in the rock and
an open system (drained) where melt is periodically extracted at each ‘melt loss’
event resulting in a more residual composition for the next segment of the heating
path. Note that the amount of melt generated in the open system is less. (b) Pres-
sure-Mode diagrams and density evolution curves (relative to subsolidus crust) for
isothermal decompression of the same rock and the change in density of the mod-
elled rock. Note the large density decrease during the growth of cordierite. The
result is a migmatite that is less dense than the overlying (subsolidus) crust.

not as well understood. This issue has important implications
for stabilizing the deep crust during orogenesis and cratoniza-
tion.

Diener and Fagereng (2014) combined the results of phase
equilibria modelling with equations for plastic flow of rocks
and minerals to quantify the strength of migmatite during par-
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Figure 8. An example of phase equilibria modelling applied to the strength of the
crust (modified from Diener and Fagereng 2014). (a) Strength evolution curves for
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strength increases are from the extraction of melt from the system at various tem-
peratures. (b) Strength profiles for the same rock types at the same pressure during
cooling. Note that the strength of both rocks is much greater than for the same
rocks prior to high-temperature metamorphism and melt loss (see arrows on right
hand side of diagram).

tial melting and melt extraction. They evaluated the phases and
modes in the melt-bearing part of the migmatite (leucosome)
and the residual material after melt extraction (residuum,
restite or melanosome). This information was combined with
rheological models of plastic deformation to quantify the
strength of different parts of the migmatite along P—T" paths
for a metapelite and a greywacke, which generally represent the
most fertile rock types in orogenic systems.

The results of their modelling are summarized in Figure 8.
There is a non-linear change in the expected strength of the
metapelite and metagreywacke during heating and cooling;
During heating, the strength of both rock types is predicted to
decrease significantly after crossing the solidus and minor
punctuated strength increases are expected during punctuated
melt extraction episodes (Fig. 8a). For both rock types, the
strength decreases by neatly an order of magnitude from the
solidus to the peak of metamorphism at 850°C. During cool-
ing and melt crystallization, the melt-depleted residuum can
become up to 400% stronger than the unmelted protoliths
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(Fig. 8b)—mainly due to the prograde replacement of relative-
ly weak quartz and mica by relatively strong feldspar and gar-
net—resulting in a dry and strong deep crust. Ultimately, ana-
tectic reworking of the continental crust can lead to cratoniza-
tion, which then serves as a locus for arc development and
accretionary orogens. The study by Diener and Fagereng
(2014) provides the first attempt to quantitatively link phase
equilibria modelling with crustal rheology and future studies
should aim to include intermediate to mafic rocks.

Mantle Rocks

A relatively recent development in phase equilibria modelling
is the compilation of an internally consistent database and
solution models for phases in ultrabasic compositions that
apply to mantle petrology (e.g. Stixrude and Lithgow-Bertel-
loni 2005, 2011; Holland et al. 2013; Jennings and Holland
2015). The use of phase equilibria modelling to predict phase
assemblages in the deep mantle is a complementary technique
to time-consuming high-pressure experiments that are usually
conducted in relatively simple chemical systems (e.g. MgO—
FeO-SiO,; Ito et al. 1984).

Holland et al. (2013) modelled several bulk compositions to
evaluate the main phase transitions that occur from the upper
mantle through the transition zone to the uppermost lower
mantle. This modelling was conducted in the NCFMAS sys-
tem, which ignores ferric iron and chromium. The main min-
eral stabilities calculated from their modelling for a representa-
tive peridotite composition are summarized in Figure 9a. A
mantle geotherm from Stixrude and Lithgow-Bertelloni (2007)
is shown in Figure 9a and a Pressure—Mode diagram along this
geotherm is shown in Figure 9b. There are several transitions
that occur along the geotherm, but most striking is the appear-
ance of MgSi-perovskite and ferropericlase at a depth of ~660
km, which generally corresponds to current interpretations of
the depth of the transition zone between the upper and lower
mantle.

Jennings and Holland (2015) expanded the NCFMAS sys-
tem to include ferric iron and chromium for pressures up to 60
kbar. An important implication of their work is that the mantle
oxidation state depends on P, T and the phase assemblage and
the oxidation state varies in a complex way for a single phase
assemblage. This chemical system can also be used to investi-
gate the phase transitions in the non-hydrous components of
subducting lithospheric slabs.

While these studies are preliminary, they are some of the
first applications of phase equilibria modelling to mantle
petrology and have the potential to allow the phase relations to
be evaluated for a wide variety of compositions. Experimental
data are still limited for some deep mantle phases and complex
solution models that contain K and Ti have not yet been devel-
oped. Nonetheless, phase equilibria modelling of ultrabasic
compositions at mantle conditions is an evolving field and
studies that link the development and testing of these models
with observations from geophysical studies of the deep Earth
are a fruitful avenue for further research.

Geochemical Cycles and Subduction Zones
The depths and temperatutes of fluid production in down-
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Figure 9. Phase equilibria modelling applied to deep mantle assemblages. (a) Pres-
sure=Temperature phase diagram illustrating the main mineral-in reactions applicable
to mantle rocks (modified from Holland et al. 2013). Note that pressure increases
towatds the bottom of the diagram. (b) Pressure—Mode diagram showing the propor-
tions of the different minerals along the geothermal gradient in (a) (modified from
Holland et al. 2013). An important link to geophysical studies is the breakdown of
ringwoodite to MgSi-perovskite (and other phases) that roughly coincides with a
depth of ~660 km.

going slabs have important implications for subduction-related
carthquakes, geochemical cycling of carbon and the generation
of arc-related magmas and mineral deposits. The fluids
released during metamorphism of the subducted crust and
lithospheric mantle can be investigated with phase equilibria
modelling. Evans and Powell (2015) modelled the change in
phase assemblages, modes, and compositions for a metasoma-
tized ultramafic rock along two geothermal gradients appropri-
ate for different tectonic settings. A selection of their results
for a cold geothermal gradient is shown in Figure 10.

The Temperature—Mode diagram in Figure 10a displays three
main phase transitions along the geotherm: (1) pyrrhotite
breaks down to produce pyrite at ~430°C, (2) brucite reacts
out to olivine and fluid at ~520°C, and (3) antigorite breaks
down to olivine, orthopyroxene, trace amounts of chlorite and
fluid from 520°C to 570°C. The breakdown of antigorite gen-
erates a large quantity of fluid. The transition from pyrrhotite
to pyrite does not change the H,S composition of the fluid sig-
nificantly and the H,S proportion in the fluid phase remains
low (Fig. 10b). The modelling of Evans and Powell (2015) also
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Figure 10. An example of phase equilibria modelling applied to fluid generation
from a hydrated ultramafic rock during subduction (modified from Evans and Pow-
ell 2015). Note that magnesian carbonate and magnetite are in excess. (a) Tempera-
ture~Mode diagram for a relatively cold geothermal gradient. The important fluid-
producing reactions involve the breakdown of antigorite and brucite to olivine at
temperatures > 525°C. (b) Concentration of CO, and H,S in the fluid phase along
the same geotherm.

suggests that most sulphur will be transported to the deep
mantle and relatively little is recycled back to the surface in arc
magmas. Nonetheless, the H,S that does make it into an arc
system may act as a ligand to transport and ultimately act to
concentrate elements of economic interest, especially precious
metals, in magmatic—hydrothermal mineral deposits.

Although pyrrhotite breakdown is modelled to occur at
~430°C along the modelled geothermal gradient, the temper-
ature of pyrrhotite breakdown is sensitive to other factors
such as closed versus open system behaviour and redox state,
which are explored in more detail by Evans and Powell (2015).
A broader implication of this type of modelling is that the
breakdown of pyrrhotite may also liberate trapped platinum
group elements into the fluid (and/or melt) phase, which has
implications for the generation of Ni-PGE deposits as well as
for Re—Os geochronology of mantle samples.

Figure 10 shows that the concentration of CO, in the fluid
is predicted to increase during prograde metamorphism in a
subduction setting, A prediction of the modelling by Evans
and Powell (2015) is that < 5% of the CO, in the rock will
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enter the fluid phase. The remainder is subducted into the
deep mantle where it may influence mantle-melting reactions.
While phase equilibria modelling of C-O-H-S fluids in the
mantle is still relatively underexplored, it represents an oppor-
tunity to link the predictions of phase equilibria modelling
with measurements of mantle xenoliths and experimental
studies to better understand the geochemical cycling of carbon
and sulphur as well as diamond growth in the lithospheric
mantle.

Earthquakes

Changes in rock strength during metamorphism and metaso-
matism in subduction and collisional tectonic settings—
including implications for earthquake localization—can be
evaluated with phase equilibria modelling (e.g. Fagereng and
Diener 2011; Getsinger et al. 2013). Fagereng and Diener
(2011) used phase equilibria modelling to investigate prograde
and retrograde reactions of rocks from the Franciscan Com-
plex at the depths and temperatures thought to be appropriate
for seismicity related to the San Andreas ‘tectonic tremot.
They suggested that mantle-derived fluids may induce retro-
grade metamorphism of mafic rocks and greywacke leading to
the production of abundant phyllosilicate minerals that result
in fault-zone weakening and localization.

Getsinger et al. (2013) combined microstructural con-
straints with phase equilibria modelling of water activity in
mafic rocks to understand how mineralogical changes in
response to fluid infiltration affect the rheology of the lower
crust. They showed that deformation in the lower crust is
strongly partitioned into relatively narrow fluid-altered zones
leaving the bulk of the lower crust relatively strong. This has
implications for how the lower crust responds to tectonic
stresses and the localization of low-frequency carthquakes.

Climate Change

Metamorphic fluid compositions can be predicted through
phase equilibria modelling for a variety of geological settings,
which has implications for the geochemical cycles of carbon
and sulphur and the generation of greenhouse gases in meta-
morphic settings (Aarnes et al. 2010; Skora et al. 2015;
Tomkins and Evans 2015). Aarnes et al. (2010) evaluated the
composition and volumes of metamorphic fluids produced
through contact metamorphism of organic-rich metasedimen-
tary rocks. These authors calculated that basin-scale contact
metamorphism could have generated up to ~16,200 Gt of
thermogenic CH, in the Karoo Basin (South Africa) within
10-1000 years. This quantity of CH, was predicted to produce
a global 8"°C excursion of —3 to —5%o. Aarnes et al. (2010) pro-
posed a link between large igneous provinces, contact meta-
morphism of organic-rich sedimentary rocks, global warming
and mass extinction in the Toarcian stage of the Lower Juras-
sic.

Meteorites

Phase equilibria modelling can also be applied to extraterrestri-
al rocks to evaluate how parental asteroid bodies are construct-
ed. Johnson et al. (2016) modelled metamorphism of three
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groups of ordinary chondrite compositions. A P-T" isochemi-
cal phase diagram for an average of the ‘LI’ group of ordinary
chondrites is shown in Figure 11. Note that garnet is restricted
to P > 10 kbar and plagioclase is stable at P < 9-15 kbar with
increasing temperature. Considering that neatly all ordinary
chondrites are thought to record metamorphic conditions at
pressures < 1 kbar, the results of Johnson et al. (20106) are con-
sistent with the observation that most, or all, ordinary chon-
drites contain plagioclase and lack garnet. While the model
results of Johnson et al. (2016) are preliminary, their study
opens the door for further work to evaluate how oxidation
affects chondrite mineralogy (e.g. McSween and Labotka
1993), the effects of melt loss on the chemical differentiation
of planetesimals and the ‘onion-shell’ versus ‘rubble-pile’
hypotheses of the parent asteroids of ordinary chondrites (e.g:
Harrison and Grimm 2010).

Accessory Minerals

Accessory minerals make up a small proportion of most rocks,
but they are disproportionately large repositories of trace ele-
ments. Furthermore, many accessory minerals contain suitable
quantities of U and Th to be dated through U-Pb geochronol-
ogy. The behaviour of some accessory minerals used in meta-
morphic studies such as epidote and titanite as well as oxides
(e.g. rutile, ilmenite) and sulphides can be quantified for differ-
ent bulk compositions and P—T conditions using phase equilib-
ria modelling (e.g. White et al. 2007; Evans et al. 2010; Palin et
al. 2016b). However, the behaviour of the most commonly
used U-Pb chronometers (zircon and monazite) are more dif-
ficult to quantify with current phase equilibria modelling tech-
niques (e.g. Spear and Pyle 2010; Kelsey and Powell 2011). This
is because some of their essential structural constituents (Zr,
P, LREE) are not usually considered in model chemical sys-
tems.

For subsolidus metamorphic rocks, accessory minerals can
be produced through solid-state reactions (Rubatto et al. 2001;
Wing et al. 2003) and may also precipitate from fluids (Ayers
et al. 1999; Schaltegger 2007). Zircon is generally expected to
be unreactive or consumed during subsolidus metamorphism
(e.g. Kohn et al. 2015), whereas monazite is generally more
reactive and can be used to date particular portions of sub-
solidus P-T paths. Phase equilibria modelling of subsolidus
monazite behaviour is restricted to relatively few studies (Spear
2010; Spear and Pyle 2010). Spear and Pyle (2010) compiled a
thermodynamic database that included apatite, monazite and
xenotime and they were the first to develop a P-T isochemical
phase diagram that includes phosphates. Spear (2010) used
phase equilibria modelling to show that the temperature of
allanite breakdown to monazite is sensitive to bulk rock con-
centrations of calcium and aluminum. Both of these studies
have implications for interpreting the reaction sequence of
monazite growth in metapelitic rocks and the geological signif-
icance of monazite U-Pb ages.

For suprasolidus rocks, accessory mineral behaviour is
strongly linked with the amount and composition of anatectic
melt in the system. Because the composition and mode of
melt in a metamorphic system can be predicted with phase
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Figure 11. A Pressure=Temperature phase diagram for a LL ordinary chondrite (mod-
ified from Johnson et al. 2016). The modelling does not predict garnet at pressures
< 9 kbar, which is consistent with the absence of garnet from LL ordinary chon-
drites and the hypothesis that most wete metamorphosed in a parent body at P < 1
kbar.

equilibria modelling, this information can be combined with
solubility equations of accessory minerals (determined from
experimental studies) to evaluate when these minerals are
expected to grow and be consumed along a metamorphic P-T'
path (e.g. Kelsey et al. 2008; Spear and Pyle 2010; Kelsey and
Powell 2011; Yakymchuk and Brown 2014b; Kohn et al. 2015;
Yakymchuk et al. 2017; Yakymchuk 2017).

Kelsey et al. (2008) combined zircon and monazite solubil-
ity equations with the mode and composition of anatectic melt
predicted for pelite and greywacke compositions to determine
the amount of accessory mineral dissolution for a wide range
of suprasolidus P-T conditions. Their study was followed by
the development of solution models for Zr-bearing silicate
melt and garnet that allowed quantitative phase equilibria mod-
elling of suprasolidus zircon behaviour (Kelsey and Powell
2011). Further experimental work on zircon and monazite sol-
ubility (Stepanov et al. 2012; Boehnke et al. 2013) refined the
solubility equations for these minerals. Yakymchuk and Brown
(2014b) used these revised solubility equations to evaluate the
effects of open-system behaviour on the stability of monazite
and zircon.

An example of the behaviour of zircon and monazite in
suprasolidus rocks from Yakymchuk et al. (2017) is shown in
Figure 12. Figure 12a is a Temperature—Composition (1-X) phase
diagram that shows the phase assemblages and melt propor-
tion isopleths for compositions ranging linearly from an aver-
age metapelite (left side) to an average passive margin
greywacke (right side). Figure 12b and 12c¢ show the percent-
age of zircon and monazite dissolution (relative to the amount

https://doi.org/10.12789/geocan.2017.44.114
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present at the solidus) required to maintain zirconium and light
rare earth element (LREE) saturation of the anatectic melt,
respectively. The calculations are conducted for specific bulk
rock compositions of zirconium and the LREE. In this case,
both are assumed to be 150 ppm, which is interpreted to rep-
resent a reasonable value for most pelites and greywackes and
their high-grade equivalents (e.g. Yakymchuk and Brown
2014b).

Dissolution contours have negative slopes on Figure 12b
and 12c and the spacing between contours decreases up tem-
perature. The negative slopes indicate that, at a given tempet-
ature, the amounts of zircon and monazite dissolution are
greater for the metapelite composition (left-hand side of the
diagram) than for the greywacke composition (right-hand side
of the diagram). The main controlling factor for the difference
between the two rocks is that the metapelite is predicted to
generate more melt at a given T than the greywacke. Therefore,
proportionally more zircon and monazite dissolution are
required to maintain melt saturation with respect to these min-
erals for the pelite. The closer spacing of the contours at high
temperatures suggests that the amount of zircon and monazite
dissolution is non-linear with temperature. This is a function
of the rate of melt production and the increased solubility of
the accessory minerals at high temperatures.

For the metapelite, zircon is expected to be completely
consumed (i.e. 100% contours in Fig. 12b, ¢) by ~930°C (left-
hand side of the diagram) and monazite is exhausted by
~840°C (left-hand side of the diagram). For the greywacke,
some zircon is expected to survive up to 950°C and monazite
is expected to be completely consumed by 880°C. Conversely,
melt crystallization during cooling is predicted to result in new
zircon and monazite growth. The assumptions and limitations
of an equilibrium approach to modelling accessory mineral
behaviour in metamorphic rocks are discussed elsewhere
(Kelsey et al. 2008; Yakymchuk and Brown 2014b; Yakymchuk
et al. 2017). In particular, these models do not consider phos-
phorus, which has important implications for the stability of
monazite (and apatite) in melt (e.g. Duc-Tin and Keppler 2015;
Yakymchuk 2017).

ASSUMPTIONS AND LIMITATIONS OF PHASE EQUILIBRIA
MODELLING

Like any model, phase equilibria modelling represents a neces-
sary simplification of complex natural systems. There are two
main categories of uncertainties when applying equilibrium
thermodynamics to metamorphic phase assemblages: system-
atic uncertainties (Powell 1985) and random uncertainties
(Palin et al. 2016a). The first are the systematic uncertainties in
the thermodynamic properties of phase end-members in ther-
modynamic databases (Helgeson et al. 1978; Berman 1988;
Holland and Powell 2011) and those related to the formulation
of activity—composition models (e.g. O’Brien 2008; White et
al. 2014a). For example, Pattison and Debuhr (2015) demon-
strated that natural phase assemblages in subsolidus cordierite-
bearing metapelite are reproduced by a modified version of
the Berman (1988) database and associated activity—composi-
tion models (Pattison et al. 2002; Spear and Pyle 2010), but not
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by the Holland and Powell (1998, 2011) databases and associ-
ated activity—composition models. The systematic uncertain-
ties of phase equilibria modelling will decrease as more exper-
imental data become available and more natural rock assem-
blages are examined and integrated into activity—composition
models. In some cases, error propagation can be used to assess
the uncertainty in P—T estimates (e.g. Powell 1985) and, more
recently, Monte Carlo simulations were used to quantify sys-
tematic uncertainties (Jennings and Holland 2015; Palin et al.
2016a).

The second category of uncertainties comprises geological
uncertainties that are difficult to quantify. These include: (1)
choosing an effective bulk composition of a system (e.g. Gue-
vara and Caddick 2016), and (2) evaluating if a phase assem-
blage is in equilibrium and assessing any kinetic barriers to
attaining equilibrium (e.g. Pattison et al. 2011; Spear et al.
2016). Another source of uncertainty is the misidentification
of reaction sequences and equilibrium phase assemblages (e.g.
Vernon et al. 2008), but this needs to be assessed on a case-by-
case basis.

The effective bulk composition of a metamorphic system
can change along a P-T evolution. The partitioning of partic-
ular cations into growing porphyroblasts (e.g. Mn into garnet)
and different diffusion rates for cations can result in growth-
zoned minerals where the cores are not in equilibrium with the
surrounding phase assemblage. In some cases, this can be
examined by forward modelling of porphyroblast growth (e.g.
Zuluaga et al. 2005; Gaidies et al. 2008; Moynihan and Pattison
2013).

Melt loss during suprasolidus metamorphism produces
more residual compositions, elevated solidus temperatures and
a greater proportion of peritectic minerals relative to the
undrained protolith compositions (e.g. Yakymchuk and Brown
2014a; Guevara and Caddick 2016). While these residual com-
positions are useful for determining peak P—T and portions of
the retrograde path, they may not be appropriate for investi-
gating prograde metamorphic reactions that require an esti-
mate of the effective bulk composition before melt extraction.
Inverse modelling has been used to add melt back into the bulk
composition while working down temperature (White et al.
2004; Indares et al. 2008; Guilmette et al. 2011), but this
requires an assumption of the P-T trajectory of the prograde
path, which is not always clear.

Assessing if a metamorphic phase assemblage is in equilib-
rium is a matter of interpretation and the scale of observation.
Most petrologists would interpret high-temperature metamor-
phic minerals that are compositionally homogeneous with low-
energy grain shapes (e.g triple junctions at grain boundaries)
to represent an equilibrium assemblage. However, very few
metamorphic rocks fit these criteria. Reaction microstructures
(e.g. coronae around porphyroblasts) may be interpreted by
one geologist to record disequilibrium at the scale of a hand
sample or thin section and by another to represent equilibrium
at the scale of grain boundaries. Therefore, the interpretation
comes down to the scale of observation. Equilibrium volumes
are anticipated to be larger for high-temperature systems that
may permit relatively rapid cation transport, such as through

melt along grain boundaries, and smaller for lower-tempera-
ture systems where intergranular diffusion rates of cations may
be very slow. However, this temperature-related generality may
be secondary to the presence and nature of intergranular
volatile species (e.g. Carlson et al. 2015a).

Metamorphic reactions may not proceed at the P—T condi-
tions predicted from phase equilibria modelling due to kinetic
barriers related to nucleation, interface reaction and intergran-
ular transport (Ridley and Thompson 1986; Rubie 1998; Gai-
dies et al. 2011; Carlson et al. 2015b). Kinetic batriers to nucle-
ation are generally considered to be the dominant rate-limiting
step in metamorphic phase assemblages reaching equilibrium
(e.g. Ague and Catrlson 2013). Kelly et al. (2013) used numerical
modelling of diffusion-controlled nucleation (and growth) of
garnet to show that garnet nucleation begins after 5-67°C of
thermal overstep. Waters and Lovegrove (2002) and Pattison et
al. (2011) showed how reaction affinity modelling could be
used to predict the degrees of overstepping to be expected for
different reactions, the results of which agreed with observa-
tions from the Bushveld aureole (Waters and Lovegrove 2002)
and Nelson aureole (Pattison and Tinkham 2009). Reaction
overstepping and disequilibrium processes are probably more
widespread than previously acknowledged and are essential
components of a rock’s metamorphic history.

All of the limitations discussed above need to be consid-
ered when applying the results of phase equilibria modelling to
natural metamorphic rocks and in particular to detailed studies
of P-1-t paths. Nonetheless, the equilibrium approach to
metamorphic assemblages reproduces many first-order obser-
vations from metamorphic rocks and this methodology can be
applied to various geological questions in a relatively fast and
inexpensive way. Thermodynamics and phase equilibrium
modelling also provide some of the theoretical tools to evalu-
ate the possible consequences of disequilibrium processes (e.g.
Pattison et al. 2011).

CONCLUSIONS AND OUTLOOK

Phase equilibria modelling has evolved over the last few
decades and now allows for a variety of phase diagrams to be
calculated with different variables for a wide range of compo-
sitions. While there may be limitations to the equilibrium
approach to understanding metamorphic rocks and processes,
it provides an excellent framework to test and refine hypothe-
ses and opens up connections to many other areas of the geo-
sciences. Linking the predictions of phase equilibria modelling
of mantle rocks with observations from geophysical studies is
a fruitful avenue for further work. Developing alteration vec-
tors to mineralization using phase diagrams is an underex-
plored connection to economic geology. Integrating metamor-
phic phase diagrams into global geochemical cycles from the
Archean to the present may provide new insights into the sec-
ular change of the lithosphere, hydrosphere and atmosphere.
The continual refinement of activity—composition models of
different phases and expanding model chemical systems may
soon allow a more quantitative method to evaluate accessory
mineral behaviour in metamorphic systems. Finally, the inter-
play between equilibrium and kinetics in the pressure-temper-
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ature-fluid-deformation history of rocks is at an early stage of
investigation and will be the focus of much future research.
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