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The utility of the metamorphic rock record: 
constraining the pressure–temperature–time 

conditions of metamorphism

by

FJ Korhonen, DE Kelsey, IOH Fielding and SS Romano

Abstract
Geological processes have shaped the Earth throughout its 4.54-billion-year history. Evidence of changes to pressure (P) 
and temperature (T) in the Earth’s crust and upper mantle during geological events can be recorded by the mineralogy 
and textures preserved in metamorphic rocks exhumed to the surface. The development of improved thermobarometric 
techniques, such as phase equilibria modelling and the use of internally consistent thermodynamic datasets, have enhanced 
our ability to retrieve more precise and reliable P–T data from metamorphic rocks. These data can also be integrated with 
age, chemical and textural information from datable accessory minerals to better define P–T–time (t) paths. The apparent 
thermal gradients calculated from P–T data relate directly to the thermal regime at the time of metamorphism, which can 
be used to infer geodynamic setting and heat source, whereas the overall shape of the P–T–t path reflects the relative rates 
of burial and heating vs cooling and exhumation. Together these data can be used to define a sequence of geological events 
and to identify tectonothermal drivers. This contribution aims to provide geoscientists, and those with an interest in Earth 
evolution, with a brief overview of both the scientific rationale and methodology used by the Geological Survey of Western 
Australia in constraining P–T–t paths from metamorphic rocks, and the utility of these data.

KEYWORDS: metamorphic evolution, metamorphism, mineral chemistry, monazite, phase diagrams, phase equilibria,  
thermal gradients

Introduction
The geology of Western Australia spans 4.4 billion years of 
Earth's history. This history is preserved in the rock record, 
and we are using a multidisciplinary approach in order to 
better define the geological framework of Western Australia 
and its mineral resources. Most exposed rocks in Western 
Australia have been subjected to changes during their 
long histories. Metamorphism is the change that occurs in 
rocks due to variations in pressure (P), temperature (T) or 
chemically active fluids resulting from geological events. 
These changes directly express the evolving thermal regime 
of the crust and/or lithosphere, which in turn reflects the 
geodynamics driving the metamorphism. Variations in P, 
T and fluids change the mineralogy of rocks, as well as the 
compositions of the minerals. Consequently, the mineral 
assemblages preserved in a metamorphic rock provide 
a record of the P–T conditions during an event. Further, 
the sequence of mineral growth provides a record of the 
changes in P and T to which the rock mass was subjected, 
and provides valuable information for deciphering the 
underlying tectonic and geodynamic processes that drove 
the metamorphism. Our ability to interpret the evidence 
recorded by metamorphic rocks is critical to understanding 
their history and to constraining terrane evolution models.

Evidence for the metamorphic evolution of a terrane 
will be recorded on a variety of scales by a variety of 
different signatures. A major challenge in these studies 
is to unravel a composite history. Thermobarometry is 
the science of quantifying the P–T conditions at which a 
mineral assemblage developed. However, metamorphism 
is a dynamic process, involving changes in these variables 
through time. The P–T–time (t) path of a metamorphic 
rock is the set of all P–T conditions experienced by a rock 
during its metamorphic history. An important goal in any 
metamorphic study is the reconstruction of the P–T–t 
path, although resolving the P–T–t history for all stages of 
metamorphic evolution is challenging. Over the last few 
decades, methods have been refined to resolve the depth, 
thermal, temporal, deformation and mineralization history 
of geological terranes. Detailed observations from map- to 
thin-section scale can now be integrated with element and 
isotope data and phase equilibria modelling to retrieve 
more precise and reliable P–T–t data from rock samples. 
An integrated approach using these modern methods of 
metamorphic petrology is now routinely being applied 
by the Geological Survey of Western Australia (GSWA) 
to enhance our understanding of the tectonometamorphic 
evolution of Western Australia. This Record specifically 
discusses some of the techniques that are currently 
being used to improve data coverage, and some of the 
assumptions and limitations associated with these methods.
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Workflow applied to 
metamorphic studies

This Record describes the workflow with relevant 
background and analytical details for Metamorphic 
History Records released by GSWA. A summary of 
the workflow is provided in Appendix  1. Seminal 
references or published examples illustrating some 
of the scientific concepts are listed in Appendix  2. 
Abbreviations for common metamorphic phases are 
defined in Appendix 3. Most thermobarometric estimates 
are based on the results of phase equilibria forward 
modelling. For some samples, mineral chemistry may 
also be integrated with phase equilibria modelling or 
used for conventional thermobarometry. Methodological 
details for thermobarometric estimates based on methods 
other than phase equilibria modelling are provided within 
the individual Metamorphic History Records for those 
samples. Many of the samples are also dated using in 
situ geochronology, whereby the datable mineral is 
analysed in thin section to retain its microstructural 
context, as this can be invaluable information in terms of 
interpreting the age significance. The geochronological 
data and a brief interpretation are provided in an 
accompanying Geochronology Record, which is referred 
to in the Metamorphic History Record, as appropriate. 
Each Metamorphic History Record describes the sample 
analysed, the results and a brief interpretation. The broader 
geological implications of the data may be published 
elsewhere. Some Records describe results for samples 
analysed by collaborators external to GSWA, in which case 
additional analytical information not documented here may 
be included within the individual Records. Release of new 
Metamorphic History Records occurs throughout the year 
as they are completed.

Sample collection and field 
observations
Most samples have been assigned to tectonic and 
lithostratigraphic units based on the interpretation of field 
relationships and any geochronological results at the time 
of publication. These assignments, and the currency of 
lithostratigraphic and tectonic units, may subsequently be 
revised, and up-to-date information should be obtained 
from the latest GSWA publications. Field observations 
collected at the outcrop are considered in the interpretation 
of the P–T–t results and relevant relationships may 
be presented in the Metamorphic History Record. 
Sample location grid references in Metamorphic History 
Records refer to the Geocentric Datum of Australia 2020 
(GDA2020)*. Locality coordinates for the majority of 
samples were obtained using a handheld Global Positioning 
System (GPS) receiver, are accurate to better than ±100 m, 
and are referenced using Map Grid Australia (MGA) 
coordinates.

Petrography
The minerals preserved in a rock sample and their textural 
relationships provide a record of the evolving metamorphic 
conditions. Thus, any metamorphic study relies on an 
interpretation of the coexisting minerals — the so-called 
mineral assemblage — that may have been stable at 
different times throughout the evolution and, if possible, 
identification of any mineral reactions that resulted in 
changes to the mineral assemblage with time. Petrographic 
observations are made using standard optical microscopy, 
in addition to analytical scanning electron microscopy 
(SEM), as appropriate. Thin sections are mapped with the 
Tescan Integrated Mineral Analyser (TIMA) in the John 
de Laeter Centre at Curtin University, which is an SEM 
equipped with four fully integrated energy dispersive 
spectroscopy (EDS) detectors. This system can identify 
minerals in situ, characterize the spatial distributions 
of minerals, and quantify abundances (Fig.  1). More 
detailed mineral characterization may be conducted 
using conventional SEM to resolve small-scale features 
that are difficult to see with an optical microscope or to 
confirm mineral identification. For some phases, such as 
the aluminosilicate polymorphs, Raman spectroscopy may 
be used for mineral identification. Mineral abbreviations 
adopted by GSWA are defined in Appendix  3, modified 
from Whitney and Evans (2010).

In situ geochronology and 
petrochronology
A major goal in modern metamorphic studies is to 
constrain the absolute timing and duration of metamorphic 
events and to link these ages to the overall P–T evolution. 
Many minerals can be dated using isotopic techniques, and 
the U–Th–Pb system is used commonly for determining 
the ages of geological materials. Zircon, monazite, 
baddeleyite, xenotime, titanite, apatite and rutile are 
minerals that incorporate U and/or Th and can be dated 
using U–Th–Pb geochronology, although their individual 
suitability for dating metamorphic events varies. The 
primary minerals GSWA uses to date metamorphism are 
zircon and monazite, although other minerals may be 
used on a case-by-case basis. Zircon can dissolve and 
reprecipitate during metamorphism, particularly under 
high-temperature conditions and partial melting, forming 
new grains or overgrowths on pre-existing grains. However, 
zircon is typically less useful for constraining the age of 
metamorphism in rocks that have not partially melted, in 
which case other minerals are better geochronology targets. 
Monazite is generally more susceptible to dissolution 
and regrowth than zircon and thus can be more useful for 
evaluating the history of fluid flow and metamorphism over 
a wider range of P–T conditions. Other minerals listed 
above are not as widely used for geochronology, because 
they are less common in rocks, or the presence of common 
Pb can compromise data quality, or the closure temperature 
for Pb diffusion in such minerals is lower than it is in 
zircon and monazite.

*  GSWA compliance with GDA2020 is estimated to occur mid-2021. 
Please refer to the information within individual products for 

 up-to-date datum information
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Accessory minerals that can be targeted for geochronology 
are generally stable over a large range of metamorphic 
P–T conditions. Therefore, linking the timing of accessory 
mineral growth with the growth of major rock-forming 
silicate minerals is essential for resolving the P–T–t history. 
Petrochronology is a relatively new branch of earth science 
that uses chemistry, textures and phase equilibria modelling 
to integrate ages with the interpreted reaction sequences 
of major minerals. Garnet, plagioclase and zircon are 
the main minerals used in petrochronology because of 
the distinctive behavior of trace elements in and between 
these minerals. Rare earth element (REE) minerals such as 
monazite, xenotime, allanite and apatite are also playing 
an increasingly important role in petrochronology. Garnet 
is an important reservoir for heavy rare earth elements 
(HREE) and Y, whereas plagioclase strongly partitions Eu 
and Sr over the other major rock-forming minerals. Zircon 
and monazite are also a sink and source of these elements, 
and exchange these elements with the major rock-forming 
minerals. Thus, the growth and consumption of these 
minerals can be tracked via the chemistry of accessory 
minerals, such that relative enrichment or depletion in 
these elements may reflect the consumption or growth of 
major minerals. For example, accessory minerals growing 
in equilibrium with garnet tend to be relatively depleted in 
HREE, as these elements would preferably partition into 
garnet (Fig. 2).

A recent advance in metamorphic studies at GSWA is the 
routine in situ analysis of monazite for geochronology. 
Monazite crystals are first identified in polished thin 
sections from the TIMA images, and then imaged in detail 

using high-contrast backscattered electron (BSE) methods, 
to reveal internal structure and compositional zoning 
(Fig. 3a). Monazite crystals are selected for analysis based 
on their size (>10 μm), suitability (e.g. absence of cracks, 
mineral inclusions, alteration), petrographic (textural) 
setting and internal zoning patterns. Multiple analyses 
on individual crystals target different zones to test for 
potential age differences, whereas areas containing cracks 
and inclusions are avoided. Monazite grains are analysed 
in 25 x  48  mm polished thin sections, so that textural 
relationships between the dated minerals and major rock-
forming minerals are preserved. Quantitative U–Th–Pb age 
data are typically obtained with laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS), although 
the Sensitive High-Resolution Ion Microprobe (SHRIMP) 
may be used for some samples, that is, those with monazite 
that are particularly low in U. For selected samples, 
REE chemistry of monazite grains may be acquired 
simultaneously using laser ablation split stream (LASS) 
methods or separately using a quadrupole ICP-MS or an 
electron probe microanalyser (EPMA). For some individual 
grains, high-resolution X-ray maps of Th, U, Pb and Y 
(Fig.  3b–e) can be used to calculate age maps (Fig.  3f). 
Although the age uncertainties are significant (typically 
>100 Ma), these maps can reveal the spatial distribution of 
ages in a single grain or differentiate between growth events 
that are widely spaced in time (Fig. 3f). Analytical details 
for U–Th–Pb geochronology and any trace element data 
collected by ICP-MS are provided in the Introduction to 
Geochronology Information document released each year 
on the accompanying data package (e.g. Lu et al., 2020).

5 mm

Quartz 24%

Biotite 24%

FK33 27/08/20

Cordierite 23%

Plagioclase 14%

Andalusite 7%

Chlorite 3%

Muscovite 3%

Pyrrhotite 1%

Figure 1.  Full thin section TIMA image of a pelitic schist sample with mineral abundances (‘modes’) calculated within the  
TIMA software
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Mineral chemistry
Mineral compositions (and mineral modal abundance) 
will change as a function of P and T as minerals grow 
or are consumed. Consequently, mineral compositions 
and textures can record the conditions at which a rock 
equilibrated, and in some cases, they may offer insight into 
the evolving P–T path.

Analytical details for routine mineral 
chemistry

Mineral chemistry data are acquired using an EPMA. Most 
EPMAs can analyse a broad range of elements (typically 
F–U), although operating conditions will vary as a function 
of characteristic X-ray energy intrinsic to the element and 
the concentration of that element in the material. Types of 
mineral chemistry data include quantitative point data and 
elemental mapping.

Quantitative point data

Unless otherwise reported, point data are measured 
using a Cameca SXFive equipped with five wavelength-
dispersive spectrometers (WDS) at Adelaide Microscopy, 
The University of Adelaide. For standard major element 
analyses in silicate minerals, instrument operating 

conditions include an accelerating voltage of 15 kV and 
a beam current of 20  nA. The standard list of elements 
analysed for most minerals includes Fe, Mg, Mn, Ca, Si, 
Al, Na, K, Ti, Cr, Zn, Cl and F, although this list can be 
changed as required. A focused beam is normally used, 
although some phases containing Na, such as feldspar, 
may require a defocused beam. Calibration is performed 
on certified natural and synthetic standards from Astimex 
Ltd. and P&H Associates. Mean atomic number (MAN) 
background correction is used, and data are calibrated 
and reduced using Probe for EPMA, distributed by Probe 
Software Inc. Quantitative point data for minor and 
trace element chemistry may require different operating 
conditions.

Quantitative element maps

High-resolution WDS quantitative element maps for 
selected phases or domains are obtained with a JEOL 
8530F Hyperprobe at the Centre for Microscopy, 
Characterisation and Analysis, The University of Western 
Australia, unless otherwise reported. Normal operating 
conditions include a 40° take-off angle, an accelerating 
voltage of 15 kV, and a variable beam current (80–250 nA), 
depending on the analysis. The beam is typically fully 
focused. Dwell time per pixel and pixel dimension will 
vary and are adjusted for the map size. On-peak counting 
times are 20  s. The standard element list for most maps 
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Figure 2.  Examples of chondrite-normalized trace element data for monazite. Blue shading shows range 
of monazite analyses from a garnet-absent assemblage; green shading shows range of analyses 
from a garnet-bearing assemblage. HREE will preferentially partition into garnet over monazite, 
so monazite that crystallizes in equilibrium with garnet generally has lower HREE concentrations 
compared to monazite that grew without garnet. The negative Eu anomaly (blue data) is also 
consistent with monazite growth in the presence of plagioclase. This example shows plots from 
two different assemblages, but a similar relationship could be observed in a single sample: 
monazite growing in equilibrium with garnet (e.g. prograde monazite and garnet) will have lower 
HREE, whereas monazite growing during garnet breakdown (e.g. retrograde monazite) will have 
elevated HREE as these elements are liberated from garnet
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with SEM; elemental and age map acquired with EPMA
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includes Fe, Mg, Mn, Ca, Si, Al, Na, K, Ti and Cr, although 
this list may be subject to change. Element maps for 
monazite include La, Ce, Pb, Y, Th, P, U and Ca. Matrix 
corrections of Armstrong/Love-Scott (Armstrong, 1988) 
and MAN background are applied. Image processing is 
performed offline with the CalcImage software.

Mineral chemistry data used for thermobarometric 
estimates are summarized in the Metamorphic History 
Record. Compositional parameters that define the 
chemistry of individual minerals are typically reported 
using THERMOCALC notation (e.g. White et  al., 
2014a,b); relevant variables are defined in individual 
Records. Additional analytical information not documented 
here may be included within individual Records.

Thermobarometry
Thermobarometry is the quantitative determination of the 
T and P at which a metamorphic or igneous rock reached 
chemical equilibrium. The assumption of attainment of 
thermodynamic equilibrium — at some length scale — 
between coexisting minerals is a fundamental underlying 
principle of all types of thermobarometry (e.g. Powell 
and Holland, 2008). Three types of thermobarometric 
techniques can be used to quantify these P–T conditions, 
with each technique having various advantages and 
disadvantages.

Conventional thermobarometry

Conventional thermobarometry aims to quantify the P–T 
conditions of a specific chemical reaction that relates 
element exchange between end-members of two or more 
minerals in the preserved mineral assemblage, where an 
end-member is a fixed pure composition component of a 
phase. For example, natural garnet shows compositional 
variation, and thus element exchange, between Fe, Mg 
and Ca. Therefore, fixed pure composition components 
that can be used — when mixed in varying proportions 
— to express the composition of garnet are those for Fe, 
Mg and Ca end-members, respectively, which for garnet 
are Fe3Al2Si3O12 (almandine), Mg3Al2Si3O12 (pyrope) and 
Mg3Al2Si3O12 (grossular). Reactions used as thermometers 
are mainly T-dependent, and define steep slopes on a 
conventional P–T diagram (Fig.  4a). Reactions used as 
barometers are mainly P-dependent and have shallow 
slopes in P–T space (Fig.  4a). The application of a 
thermometer or barometer requires the composition of the 
minerals, the thermodynamic data for end-members, and 
a calibration that relates the mineral chemistry to P and 
T (see Spear, 1993 for a review of common conventional 
thermobarometers).

The intersection of two different reactions in P–T space 
can be used to define a unique P and T of equilibration 
(Fig. 4a). The most widely applied thermometers are cation 
exchange reactions, such as Fe–Mg exchange between 
two minerals. Over the last decade, thermometers have 
been developed that use trace element concentrations 
in minerals, such as Ti-in-quartz, Ti-in-zircon, Zr-in-
titanite and Zr-in-rutile. The Y concentration of coexisting 
monazite and garnet is another trace element thermometer 
that can be applied to metamorphic rocks. The most 
common barometers are net transfer reactions that involve 

the consumption of existing minerals and the growth of 
new ones. Attempts to calibrate a new barometer using the 
stored stress in mineral inclusions have recently gained 
attention. This technique relies on measuring subtle peak 
shifts using laser Raman microspectrometry, and has most 
widely been applied to quartz inclusions hosted in garnet.

The advantage of using published thermobarometers is that 
they are relatively easy to use; they simply require mineral 
composition data. However, there can be potentially 
significant sources of uncertainty in conventional 
thermobarometry. Analytical uncertainties may include 
the mineral composition analyses, in particular the amount 
of Fe3+ (versus Fe2+), which cannot be measured directly, as 
well as the thermodynamic data and the calibration method. 
Propagation of these analytical uncertainties are typically 
in the order of ±50°C for T and ±1 kbar for P, although 
depending on the mineral composition, these uncertainties 
may be much greater. Another significant source of 
uncertainty is that (outside the use of internally consistent 
databases and software such as THERMOCALC, see 
below) the thermodynamics — and uncertainties — of 
individual thermometers and barometers are not consistent 
or correlated with each other as different researchers 
developed them all independently. This means that it is 
difficult to assess the validity of results obtained via the 
intersection of different thermometers and barometers, 
and to make comparisons of the results. Other potential 
uncertainties may include determining whether the phases 
truly represent an equilibrium assemblage, or whether 
any subsequent modification to their compositions has 
occurred during later geological events. These limitations 
are discussed in more detail below.

Multiple-reaction thermobarometry

Mult ip le - reac t ion  thermobarometry  ( ‘opt imal 
thermobarometry’ of Powell and Holland, 1994) attempts 
to minimize some of the analytical uncertainties associated 
with conventional thermobarometry through the use of an 
internally consistent dataset of thermodynamic properties 
(Berman, 1988; Powell and Holland, 1988). With the 
use of an internally consistent dataset, the calculated P 
and T results and uncertainties are all correlated to each 
other, which means that the result including uncertainty is 
statistically meaningful. An independent set of end-member 
reactions is calculated from the compositions of minerals 
that are inferred to have reached chemical equilibrium 
(Fig.  4b). The primary software that is used for optimal 
thermobarometric calculations is ‘averagePT’ (avPT) in 
the program THERMOCALC (Powell and Holland, 1988), 
which uses the internally consistent Holland and Powell 
(1998, 2011) dataset. In avPT, the thermodynamics of 
the end-member reactions are combined statistically by a 
least squares method to give an optimal estimate of P and/
or T (Powell and Holland, 1994; Fig.  4b). The software 
also calculates an uncertainty, a goodness-of-fit value 
and other diagnostic parameters, which allow assessment 
of the degree to which a sample has equilibrated that 
is not possible with conventional thermobarometry. An 
additional advantage of this technique over conventional 
thermobarometry is that all minerals interpreted to be in 
the equilibrium mineral assemblage can be used in a single 
(simultaneous) avPT calculation. The most significant 
disadvantages to this approach are that minerals either may 
not retain the equilibrium composition due to cooling or 
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retrogression, resulting in either significant uncertainties or 
failed calculations, and/or that the compositions of minerals 
used in the calculations do not actually represent coexisting 
equilibrium compositions. Interpreting which compositions 
to use for minerals that preserve compositional zoning also 
introduces uncertainty, although these discrepancies can 
be identified and possibly corrected with the diagnostic 
parameters in the software.

Phase equilibria modelling

Phase diagrams are graphical representations (‘maps’) 
of the phases that stably coexist (the stable mineral 
assemblages) as a function of different thermodynamic 
variables such as P and T and/or composition (Fig.  5). 
These diagrams are calculated using internally consistent 
datasets of the thermodynamic properties of minerals, 
fluids and melts in combination with activity–composition 
(a–x) models for these phases (e.g. Powell et  al., 1998). 
In metamorphic geology, phase diagrams are routinely 
used to evaluate the absolute P and T recorded by 
mineral assemblages in rocks by locating the assemblage 
interpreted from thin section petrography as a mineral 
assemblage stability field on a phase diagram. A major 
advance in applying phase equilibria modelling to natural 
rocks is using isochemical, isobaric or isothermal phase 
diagrams (termed ‘pseudosections’) to explore the 
changes to mineral assemblages applicable to a single 
(rock) composition (Fig. 5a,b), or across a variety of rock 

compositions (Fig.  5c,d). These powerful diagrams can 
be used to explore geological processes. In addition to 
constraining conditions of peak metamorphism, recent 
studies have also used phase equilibria modelling to 
investigate prograde and retrograde metamorphism, 
partial melting and melt loss or melt addition, the role of 
water, metasomatism and alteration, mantle melting, and 
mineralization. Phase equilibria have also been used to 
model the behavior of accessory phases, as well as explore 
fundamental geodynamic and geochemical (re) cycling 
questions. Yakymchuk (2017) provides an excellent 
overview of recent applications of phase equilibria 
modelling in metamorphic geology, and some recent 
published examples are listed in Appendix 2.

The chemical systems used for phase equilibria modelling 
are continually evolving to provide closer approximations 
to the natural compositions of rocks. The chemical system 
Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O, 
abbreviated as NCKFMASHTO, is now used widely. 
Other components and elements that can be incorporated 
into phase equilibria modelling include MnO, Cr2O3, ZrO2, 
Cl, S and C. Phase diagrams are now routinely applied 
to metasedimentary rocks, metabasaltic and intermediate 
to felsic intrusive rocks and more recently to ultramafic 
rocks and meteorites. Given an appropriate bulk (rock) 
composition and thermodynamic data, a pseudosection in 
a model chemical system can be calculated (Fig. 5). The 
most common variables used as axes for these diagrams 
are P and T. Within a P–T pseudosection (Fig.  5a), 
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reaction thermobarometry (avPT in THERMOCALC) uses an independent set of reactions calculated from the 
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thermobarometric information can be retrieved from: i) the 
position in P–T space of the stability field that corresponds 
to a mineral assemblage interpreted from petrography;  
ii) the proportions (so-called ‘modes’) and compositions 
of the minerals in that field (Fig. 5b). Ideally, the mineral 
assemblage observed in the rock will coincide with a 
stable assemblage on a pseudosection, and the predicted 
modes and their compositions will be similar to observed 
values. Compositional phase diagrams can also be used 
to evaluate the stability of phases with changes in the 
chemical composition. These types of diagrams include 
T–composition (X) at a fixed P (Fig. 5c), P–X at a fixed 
T (Fig. 5d), and X–X at fixed P and T. Constructing phase 
diagrams that display equilibrium phase assemblages 
requires an understanding of the phase rule and of 
equilibrium thermodynamics (e.g. Powell, 1978; Spear, 
1993) that is beyond the scope of this Record. There are 
several resources that provide good introductions to the 
fundamentals of phase equilibria including documentation 
on the THERMOCALC website, the SERC Carleton 
website and the textbooks by Spear (1993) and Vernon and 
Clarke (2008).

Phase equilibria modelling conducted by GSWA uses 
the software THERMOCALC version tc3xx (Powell and 
Holland, 1988, and recent updates) and the internally 
consistent thermodynamic dataset of Holland and Powell 
(2011; datasets tcds62 and 63). For selected samples, 
compositional and mode isopleths are calculated using the 
software TCInvestigator (Pearce et al., 2015; Fig. 5b). The 
chemical system used for the calculations is a necessary 
simplification of the more complex natural system, but it 
should include the key components that define the selected 
sample. Most rock compositions can be modelled in the 
10-component NCKFMASHTO system. Manganese may 
also be included for subsolidus calculations because it 
can have an important effect on stabilizing some phases, 
such as garnet, to lower conditions as compared to a 
MnO-free system. Other chemical systems are used for 
appropriate samples. The software, dataset and a–x models 
are continuously being updated, and each Metamorphic 
History Record details the versions used for each individual 
sample. All files for calculations are available on the 
THERMOCALC website.

Bulk composition

The mineral assemblage observed in a metamorphic 
rock is primarily a result of the P–T conditions and the 
composition (X) of an appropriate scale of chemical 
equilibration. This composition is referred to as the 
‘equilibration volume’ or more commonly the ‘effective 
bulk composition’ or simply ‘bulk composition’. The 
volume of the effective bulk composition is ultimately 
controlled by chemical diffusion rates. Cation transport 
is typically faster and more efficient at higher T, and/ or 
in the presence of intergranular volatiles or melt. For 
many samples, particularly those that have reached 
elevated T (above approximately 600°C), the effective 
bulk composition can be approximated by the whole-
rock composition measured by X-ray fluorescence 
(XRF). However, some samples require a composition 
of a specific microstructure or domain to be calculated. 
These smaller-than-thin-section-scale bulk compositions 
can be obtained using compositional maps (e.g. EPMA 
or cropped TIMA) combined with mineral proportions 

and their chemistries. Most of the chemical components 
for phase equilibria modelling can be directly measured 
and converted into mole percentage for each oxide, the 
required input to THERMOCALC software. However, 
H2O and Fe2O3 (for O) are two components that require 
different methodologies (discussed below). The techniques 
used to constrain the bulk composition for each sample are 
summarized in individual Metamorphic History Records.

Estimating the amount of H2O

The amount of H2O in the bulk composition will strongly 
influence the position of the solidus, as well as the P–T 
stabilities and proportions of H2O-bearing phases, such 
as chlorite, micas and melt. An appropriate H2O content 
in the bulk composition will allow for the peak mineral 
assemblage observed in the sample to be calculated as 
a stable field in the pseudosection, ideally with similar 
mineral modes and compositions. Methods for estimating 
an appropriate bulk H2O content include:

•  The loss on ignition (LOI) value from the whole-rock 
XRF composition. This technique measures other 
volatiles and should be regarded as a maximum value 
for H2O

•  Estimation based on the inferred H2O content of H2O-
bearing minerals and their modal abundance in the 
rock

•  H2O saturation. Some samples can be assumed to 
have been saturated in H2O during metamorphism. 
This assumption is commonly used for subsolidus 
rocks that have not experienced melting or melt 
loss, particularly metasedimentary protoliths, or 
for samples that may have been affected by fluids  
(e.g. hydrothermal/metasomatic rocks, rocks affected 
by fluid-present shearing)

•  P/T–MH2O diagrams. These diagrams investigate phase 
assemblage stabilities over a range of P–T conditions 
and H2O contents (Fig.  5c). These diagrams are 
calculated at either fixed P or T, with H2O content 
changing along the x-axis; MH2O refers to the amount 
of H2O, and is thus different from XH2O, which is used 
for fluid composition. An appropriate H2O content for 
the bulk composition is selected based on where in 
compositional (MH2O) space the interpreted mineral 
assemblage occurs in the calculated diagram. These 
diagrams can also be used to assess the influence 
of H2O on the location of phase-in and phase-out 
boundaries, which is equivalent to a sensitivity 
analysis of changing H2O at a fixed P or T. The extent 
of H2O contents used in P/T–MH2O diagrams can range 
from low H2O values (nominally anhydrous) to H2O 
saturation, although the maximum values are generally 
defined by the LOI value.

Estimating the amount of Fe2O3

The amount of Fe2O3 can significantly modify the 
stabilities and proportions of Fe–Mg silicates and 
Fe– Ti oxides. An appropriate Fe2O3 content in the bulk 
composition will allow for the (peak) mineral assemblage 
observed in the sample to be calculated as a stable field 
in the pseudosection, ideally with similar mineral modes 
and compositions. For calculations performed with the 

https://hpxeosandthermocalc.org/the-thermocalc-software/thermocalc-help/
https://serc.carleton.edu/research_education/equilibria/index.html
https://hpxeosandthermocalc.org/
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THERMOCALC software, the bulk Fe2O3 concentration 
must be converted to moles of FeO and O. That is, FeO as 
input to THERMOCALC is actually total Fe (i.e. FeOT), 
and O expresses how many moles of Fe2O3 will be made 
from FeO. Therefore FeOT moles = FeO + 2O, as for every 
mole of O two moles of FeO are required to make Fe2O3. 
Methods for estimating an appropriate Fe2O3 content 
include:

•  FeO titration and Fe2O3 calculated by difference. 
The value determined by FeO titration is commonly 
an excellent approximation of the proportion of 
FeO:Fe2O3 in the bulk composition, and can easily be 
analysed in most geochemical laboratories. However, 
weathering and crushing during sample preparation 
can oxidize the sample, so the value obtained from 
FeO titration value should be treated as a maximum 
value for Fe2O3. A notable exception is for samples 
that contain abundant sulfides and have elevated SO3 
values. The oxidation of S2- during the titration will 
reduce some of the Fe3+ in the sample, which may 
result in anomalously high Fe2+ values and apparent 
values of O and FeO that are too low and high, 
respectively. In these cases, the values may need to 
be corrected using alternative methods, as described 
below

•  Estimation using mineral compositions. For many 
mineral analyses, Fe3+ can be calculated on the basis 
of stoichiometric mineral composition analyses, and 
the bulk Fe2O3 can be recalculated using those mineral 
compositions and their abundances. This approach is 
complicated when it involves hydrous Fe3+-bearing 
minerals such as biotite and chlorite, as assumptions of 
stoichiometry in these minerals are commonly flawed

•  An assumption of FeO:Fe2O3. Comparisons to similar 
samples and mineralogy with known or constrained 
FeO:Fe2O3 can be used. Typical values for Fe3+ 
are commonly set at 5–10% of total Fe, based on a 
consideration of the oxide–silicate mineralogy of the 
rock, although whether this estimate is applicable 
should be considered on a case-by-case basis

•  P/T–XFe2O3 diagrams (or P/T–XO, P/T–MO). These 
diagrams are used in a similar manner to the P/T–MH2O 
diagrams described above (Fig.  5d). An appropriate 
O content for the bulk composition is selected based 
on where along the x-axis the interpreted mineral 
assemblage occurs in the calculated diagram. The O 
contents used in P/T–MO diagrams can range from all 
Fe as Fe2+ to all Fe as Fe3+, although the Fe3+ content 
determined from titration, if available, is typically a 
realistic maximum.

P–T–t path and interpretation
The P–T–t path of a metamorphic rock is the set of all 
P–T conditions to which a rock is subjected during its 
metamorphic history (Fig.  6). The trajectory and shape 
of the P–T path, the rates of metamorphic processes, 
and the duration of metamorphism are a function of the 
source of heat and, if P change occurs, the mechanisms 
of burial and uplift. An increase in P records burial of a 
rock to deeper crustal levels, whereas a P decrease implies 

that the rock has been uplifted (Fig.  6a). A T increase 
corresponds to a heating event, although heat can be 
internally derived through radiogenic heat production and 
does not necessarily require an external source. A decrease 
in T coincides with cooling. Therefore, the shape of the 
path, combined with t information, provides insight into 
the drivers of metamorphism, which commonly reflects the 
tectonic and/or geodynamic setting.

P–T paths can have a clockwise or anticlockwise geometry 
(Fig.  6b) that reflect fundamentally different styles of 
metamorphism and thus tectonothermal drivers. Unless 
otherwise defined, peak metamorphism corresponds 
to the maximum T (Tmax) recorded by a rock (Fig.  6a).  
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Figure 6.  The different types and styles of P–T paths are 
clockwise, anticlockwise, looping and hairpin. 
Each path reflects the tectonic and/or geodynamic 
and erosion regime driving metamorphism:  
a) a common clockwise P–T path, with burial and 
heating along the prograde path and decompression 
and cooling on the retrograde path. This looping 
path reaches maximum P (Pmax) before maximum 
T (Tmax); b) clockwise and anticlockwise P–T paths. 
The anticlockwise path (grey arrow) reaches Tmax 
before Pmax, and shows a segment of cooling at near-
constant P (isobaric cooling). The clockwise path 
(orange arrow) shows a segment of decompression 
at near-constant T (isothermal decompression); 
c) a hairpin P–T path has a similar prograde and 
retrograde history, and typically has coincident 
Tmax and Pmax



GSWA Record 2020/14            The utility of the metamorphic rock record: constraining the P–T–t conditions

11

P–T paths with very similar pre-peak (prograde) and 
post-peak (retrograde) histories will have a tight hairpin 
loop and coincident maximum P (Pmax) and Tmax (Fig. 6c), 
regardless of the clockwise or anticlockwise trajectory. 
Looping clockwise paths involve an increase in P (with 
or without a significant increase in T) during the prograde 
history (Fig.  6b), recording burial of the rock to deeper 
levels in the crust, and the classification as clockwise 
is on the basis that P–T diagrams have P increasing up 
the y-axis. These types of P–T paths may reach Pmax 
before the thermal peak, and commonly reflect regional 
metamorphism involving burial and subsequent conductive 
heating and erosion. Anticlockwise paths record an increase 
in T (with or without a significant increase in P) during 
the prograde history and may reach Tmax before Pmax 
(Fig. 6b). Similarly, classification as anticlockwise is on the 
basis that P–T diagrams have P increasing up the y-axis. 
Anticlockwise paths typically require an additional source 
of heat, such as magmatism. For both P–T path geometries, 
the retrograde path is characterized by a decrease in T and 
P. Some rocks may undergo unroofing at (near) constant T, 
resulting in an isothermal decompression segment of the 
P–T path, or cooling at (near) constant P as indicated by 
an isobaric cooling segment (Fig. 6b).

Constraining the P–T path
Reconstruction of the P–T–t path is a major objective in 
metamorphic studies (Fig.  7) due to the relationship of 
the shape of the P–T path and location of the path in P–T 
space with underlying (driving) tectonothermal processes. 
However, it is critical to appreciate that metamorphic 
rocks and mineral assemblages only ever preserve a 
small portion of the total P–T path due to the t-, T- and 
diffusion-dependent kinetics of mineral reactions. The P–T 
information is recorded by the assemblage comprising the 
major rock-forming minerals, whereas t can be retrieved 
from datable accessory minerals. Establishing the links 
between these variables in order to derive a P–T–t path 
is the goal of petrochronology. Most rocks contain some 
record of peak metamorphic conditions (~Tmax) and 
the peak metamorphic mineral assemblage is typically 
identified on the basis of coarser grain size and/or spatial 
relationships of the coarse-grained minerals to each 
other. Equilibrium is most likely to have been reached 
at and near the metamorphic peak. For some rocks, the 
conditions of peak metamorphism are the only part of 
the P–T path that is preserved, with little modification 
to the minerals as the rock cooled. Such rocks are not 
useful, in isolation, for constraining a more complete 
evolution of the P–T path. However, some rocks record 
a composite of mineral assemblages from the prograde, 
peak and retrograde segments of the overall history and 
are therefore particularly useful for constraining the P–T 
path. Rocks that have a sedimentary or volcanic protolith 
can be inferred to have originated at Earth’s surface prior 
to metamorphism, been buried to develop and record 
metamorphic mineral assemblages, and then exhumed to 
the surface (where sampling occurs), and the metamorphic 
assemblages will offer the most robust constraints on the 
overall evolution. In practice, the P–T–t path is typically 
constrained by use of numerous rocks with different bulk 
compositions and metamorphic mineral assemblages from 
a single terrane or tectonic domain. Ideally, several lines of 
evidence from either a single sample or multiple samples 
will converge towards a common interpretation.

There are various methods that can be used to reconstruct 
parts of a P–T path. Inclusions of minerals retained in 
host minerals can be useful for inferring a sequence of 
growth along a P–T trajectory, particularly for minerals 
that have relatively restricted P–T stabilities. However, the 
included phase may have been stable prior to or during 
the growth of the host mineral, so the crystallization 
history is not necessarily unequivocal. The most that can 
be established is that the mineral inclusion plus the host 
were stable together. Trends in mineral compositions 
in compositionally zoned minerals can also be used 
to constrain segments of the P–T path. Domains with 
different chemistries correspond to growth at different 
P–T conditions either from a single evolving event or 
even separate events. A common zoning pattern shows a 
difference in composition between the centre of a mineral 
(core) compared to its rim (Fig.  7b), and concentric 
domains of different compositions arranged between the 
core and the rim. Minerals that typically show this type 
of zoning in major and/or trace elements include garnet 
and plagioclase, and at lower T mica and amphibole. 
Importantly, the absence of zoning does not necessarily 
imply a simple history or growth at similar metamorphic 
conditions. At elevated T (e.g. >>600°C for garnet; 
Caddick et al., 2010) and sufficient duration, zoning may 
be homogenized as intracrystalline diffusion becomes 
more effective at eliminating compositional variation. The 
chemistries of matrix minerals are likely to record the P–T 
conditions at which the metamorphic fabric was developed 
or to which it was reset during cooling (depending on the 
peak metamorphic temperature), or the conditions of an 
overprinting event/s.

Some rocks contain evidence for incomplete metamorphic 
reactions or other textural evidence from which a mineral 
growth sequence can be inferred. A simple example is the 
transformation of one polymorph mineral to another. This 
type of replacement is most common in the aluminosilicate 
(Al2SiO5) polymorphs, such as andalusite replaced by 
sillimanite. Some minerals are completely consumed along 
the P–T path, although the shape of the reactant grain 
may be preserved as pseudomorphs and the metamorphic 
reaction can be identified. An example of a more complex 
incomplete reaction texture involves the formation of 
coronas, which consist of one or more rims of a mineral or 
minerals around a central reactant phase. Coronas can also 
involve the fine-scale intergrowth of minerals in a texture 
known as symplectite.

Worked example (clockwise P–T path)

Figure  7 illustrates a hypothetical clockwise P–T path 
and the types of data discussed above that can be used 
to reconstruct that path. The P–T path has segments 
that are recorded in the rock (thick lines), whereas other 
segments must be inferred (dashed lines). This example 
is a metasedimentary rock that must have been deposited 
at the surface, and detrital zircon ages provide constraints 
on the timing of deposition (M0, blue star in Fig.  7a).  
A simplified phase diagram with key mineral assemblages 
(+Qz+Ilm+H2O±Pl) is shown in Figure 7a. The thick grey 
lines represent boundaries across which a phase appears or 
disappears relative to the clockwise P–T path. This diagram 
is constructed specifically for the bulk composition of this 
sample. The only evidence for the prograde history is the 
chemistry of the garnet cores that preserve high Ca values 
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from the matrix assemblage of Chl–Ms+Qz+Ilm+H2O±Pl. See text for further details
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(red zoning in Fig. 7b) and the inclusions (Qz+Chl+Ms). 
There is no evidence that epidote was stable, constraining 
the prograde path within the Chl–Ms (+Qz+Ilm+H2O±Pl) 
fields, below the pressures that epidote is stable. The peak 
and retrograde metamorphic history is recorded by the 
preserved minerals and their textures. The abundance of 
minerals across any P–T diagram can also be contoured, 
so that the relative growth and consumption of minerals 
along a P–T path can be evaluated (not shown on Fig. 7a). 
Coarse-grained garnet and staurolite porphyroblasts occur 
within a matrix of biotite, muscovite and quartz. The 
foliation can be followed into the garnet rims and through 
the staurolite porphyroblasts (Fig.  7c), suggesting that 
these phases were growing and the fabric was developing 
at the same time near and at peak metamorphic conditions 
within the Grt–St–Bt–Ms (+Qz+Ilm+H2O±Pl) field. The 
predicted Ca compositions of garnet have steep slopes 
in P–T space (dashed coloured lines, Fig.  7a), which 
can be used to infer temperature conditions during 
growth. The decrease in Ca from core to rim in the garnet 
porphyroblasts (red to blue zoning in Fig.  7b) support 
an increase in temperature (with or without an increase 
in pressure), and the Ca content of the garnet rims is the 
same as the predicted value in the peak field (blue dashed 
line, Fig. 7a). The small yellow stars in Figure 7c depict 
monazite inclusions in garnet, and their ages record the 
timing of prograde metamorphism (M1), which could 
occur anywhere along the prograde path where garnet 
was growing (yellow star and associated arrows on P–T 
path, Fig. 7a). The small green stars in Figure 7c represent 
monazite grains that are aligned in the fabric, and their 
ages record the timing of peak metamorphism (M2). The 
relationship between the timing of monazite growth and the 
behaviour of major rock-forming minerals, such as garnet, 
can be further evaluated using monazite trace element 
chemistry. Figure 7d shows a schematic trace element plot 
of M2 and M3 (described below) monazite. The green 
solid field is the range of chemistry of M2 monazite, 
which is in equilibrium with garnet and has low HREE 
contents (right side of Fig. 7d). The red dashed field is the 
range of chemistry of M3 monazite associated with garnet 
breakdown, which has higher concentrations of HREE that 
were liberated from garnet and incorporated into newly 
growing monazite. In this example, the matrix also contains 
rare relics of aluminosilicate that are mostly replaced by 
muscovite, and host very small rounded inclusions of 
staurolite (Fig. 7e). These relationships indicate the growth 
of aluminosilicate at the expense of staurolite during a 
decrease in pressure from peak conditions, represented 
by the thick segment of the P–T path within the Grt–Als–
Bt–Ms (+Qz+Ilm+H2O±Pl) field. Garnet breakdown with 
a decrease in P and T results in the growth of chlorite that 
pseudomorphs former garnet porphyroblasts, preserving 
only small garnet relics. This texture corresponds to the 
crossing of the ‘+Chl’ boundary at the lower P portion 
of Figure 7a. Small inclusions of monazite (pink stars in 
Fig. 7e) within the chlorite pseudomorphs can be used to 
date the timing of this lower grade assemblage. Chlorite 
also grows at the expense of biotite as T decreases, 
resulting in small relics of biotite within matrix chlorite. 
The red ellipse on Figure  7a shows the P–T estimate 
based on multiple-reaction thermobarometry (avPT 
calculation in THERMOCALC; see Fig. 4b) using mineral 
compositions from the matrix assemblage of Chl–Ms 
(+Qz+Ilm+H2O±Pl).

Apparent thermal gradients and 
tectonic setting
The apparent thermal gradient is defined as the T change 
with depth and can offer critical constraints to plausible 
tectonic settings of metamorphism (Fig.  8). Because 
metamorphism is primarily a thermally driven process, 
apparent thermal gradient information provides a first-order 
constraint on the regional thermal regime of the crust and 
mantle lithosphere. This, in turn, offers insight into the 
driver/s and tectonic or geodynamic regime causing the 
metamorphism, because different tectonic regimes have 
different thermal characteristics. The regional thermal 
regime is fundamentally a balance between the advection 
vs conduction of heat within a metamorphic system. The 
term ‘apparent thermal gradient’ means that the gradient 
is linear in P–T space, unlike the actual geotherm, and so 
is an approximation for the characterization of the thermal 
regime of the Earth’s crust. There are various ways to 
calculate the apparent thermal gradient from metamorphic 
data, but the most straightforward calculation is simply 
the T/P ratio of the peak metamorphic conditions. Quoting 
of apparent thermal gradients in °C/kbar negates the need 
to convert P to depth (based on inferred density) and so 
is preferred. Apparent thermal gradients cooler than the 
normal geotherm (45°C/kbar) occur in settings that are 
dominated by the advection of heat and material and are 
typically attributed to subduction zones. Gradients between 
45 and 150°C/kbar indicate a more equal balance between 
heat conduction and heat advection. These gradients 
correspond to high T/P ‘Barrovian’ metamorphism, and 
broadly demonstrate a conductive response to thickening, 
as expected within a typical collisional orogenic belt. 
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Apparent thermal gradients >150ºC/kbar (‘ultrahigh T/P’) 
are dominated by heat conduction in settings that may be 
pervaded by magma, and may involve crustal extension, 
thermal blanketing and/or mantle underplating. Apparent 
thermal gradients >250ºC/kbar imply near surface 
conditions (‘near surface ultrahigh T/P’).

Uncertainties
The techniques outlined in this Record aim to help 
characterize and understand complex natural systems. 
However, the reduction of natural systems into simpler 
model systems will introduce uncertainties that can affect 
the results and interpretations. Analytical (or systematic) 
uncertainties in P–T calculations include: i) uncertainty 
associated with thermodynamic calculations, including 
the parameters used in the a–x models and the dataset  
(e.g. Powell and Holland, 2008); ii) uncertainty associated 
with data collection, such as whole-rock geochemistry, 
mineral chemistry and geochronological age data.

Other types of uncertainty are more difficult to quantify. 
For a complex history, identifying from petrographic 
analysis the changes in a mineral assemblage with 
evolving P–T conditions and determining the phases 
in equilibrium at any stage during metamorphism can 
be particularly challenging. Identification of the peak 
vs retrograde assemblages requires careful study of the 
spatial relationships between minerals, as well as taking 
into account factors such as grain size, mineral orientation 
(e.g. number of tectonic fabrics) and knowledge of the P–T 
stability of different minerals. Therefore, spatiotextural 
and compositional data are key to providing confidence 
in the interpretation of different stages of the recorded 
metamorphic evolution, although it must be considered 
that these features can be subsequently modified and as 
such may not retain their equilibrium characteristics. 
A broad example of this approach is that, in general, 
retrograde assemblages feature more hydrous minerals 
than the peak metamorphic assemblage, owing to the fact 
that minerals that are stable at lower T are typically more 
hydrous than higher T minerals. Metamorphic reactions 
also may not proceed at the P–T conditions predicted 
from phase equilibria modelling due to kinetic barriers 
related to nucleation, interface reaction (dissolution and 
growth) and intergranular transport of cations. Kinetic 
barriers to nucleation are generally considered to be the 
dominant rate-limiting step in metamorphic assemblages 
attaining equilibrium. These disequilibrium processes 
can result in the preservation of metastable reactants 
outside their predicted P–T stabilities, which can affect 
petrographic interpretations. Beyond petrography, another 
potentially significant source of uncertainty associated 
with pseudosection thermobarometry is determining 
the scale of equilibration and choosing an effective bulk 
composition. For many samples, the measured whole-rock 
composition is used for the effective bulk composition, 
which implies that the analysed rock volume achieved 
chemical equilibrium. However, establishing that a mineral 
assemblage has reached equilibrium is not trivial and will 
be subject to interpretation.

There must also be an understanding of what part of 
the P–T evolution a bulk composition might record. 
Any modelled bulk composition used to constrain peak 

metamorphic P–T conditions carries the assumption 
that the bulk composition was not modified beyond the 
metamorphic peak. This assumption will not be appropriate 
for rocks that have subsequently undergone hydrothermal 
retrogression. There may also be significant differences 
between a protolith composition and a metamorphic 
composition, particularly for high-grade rocks that have 
experienced partial melting and melt loss. In this case, a 
residual composition can be used to constrain peak P–T 
conditions and segments of the retrograde path. However, 
that composition will not be appropriate for investigating 
the history prior to melt loss. Inverse modelling has 
been used to add melt back into the bulk composition 
while progressing down T, but this technique requires 
assumptions about the P–T trajectory of the prograde 
path and the melt composition, which are not always 
clear. Therefore, the effective bulk composition can and 
does change along a P–T trajectory, with melt loss being 
one of those reasons. Other ways for the effective bulk 
composition to change along a P–T trajectory involve 
the partitioning of cations into growing porphyroblasts  
(e.g. Mn into garnet), resulting in the cores of zoned 
minerals not being in equilibrium (or even participating) 
with the surrounding phase assemblage. In some 
cases, this can be examined by forward modelling of  
porphyroblast growth.

Inevitably there are discrepancies between the actual 
chemical system appropriate for a rock and the one used 
in the models. Fundamental components that cannot easily 
be measured, such as H2O and Fe2O3, will have more 
uncertainty compared to other major components, although 
sensitivity analysis through the construction of P/T–X 
diagrams will offer some degree of uncertainty assessment. 
The presence of components that are not incorporated into 
existing a–x models will affect the predicted stabilities of 
some phases. For example, the presence of Zn in phases 
such as staurolite or spinel will expand the stability of these 
phases to lower P and T in nature in comparison with the 
predictions. Similarly, the presence of Cl or F in biotite 
will stabilize it to higher T in comparison with calculated 
models.

The most significant uncertainty in linking age data to 
P–T data concerns where along the P–T path the age data 
reflects. Petrochronology is concerned with constraining 
which major and accessory minerals were exchanging 
elements with each other as a way to constrain whether the 
major mineral (commonly garnet) was growing or breaking 
down — that is, taking in or liberating trace elements — 
which, in turn, can be linked to changes in P–T. However, 
whereas trace element trends can be identified in major 
and accessory minerals in empirical datasets from natural 
rocks, the science of linking the growth or breakdown 
of the two, and thus age data, remains imperfect. This 
complexity is partly because the growth and breakdown 
of accessory minerals remain imperfectly understood as 
a function of P and T, and partly also because the growth 
and breakdown of accessory minerals may not always 
follow classic equilibrium thermodynamic principles  
(e.g. Nemchin et al., 2001).

The potential limitations discussed above need to be 
considered when applying the results of phase equilibria 
modelling to natural rocks and constraining P–T–t paths. 
Nevertheless, in many examples, the equilibrium approach 
to metamorphic studies, and the petrochronological 
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approach to integrating age data, reproduces many 
first-order observations from natural rocks, and this 
methodology can be used to address various geological 
questions in a relatively fast and cost-effective way.

Summary
The rock record preserves evidence of the geological 
processes that have shaped the Earth and its resources. The 
metamorphic cycle involves burial (increasing P and T) and 
exhumation (decreasing P and T) of terranes in response 
to tectonothermal processes. Phase equilibria modelling 
and improved thermobarometry enable us to retrieve 
quantitative P–T conditions from metamorphic rocks with 
a high degree of confidence, largely owing to the graphical 
depiction of fields of mineral assemblage stability in P–T 
space. Thermobarometric data can now be integrated with 
age information to reconstruct the P–T–t path followed by 
individual rocks and units. The apparent thermal gradients 
calculated from P–T data relate directly to the thermal 
regime at the time of metamorphism, which can be used 
to infer geodynamic setting and heat source. The overall 
shape of the P–T–t path is a function of the relative rates 
of burial and heating vs cooling and exhumation. Together 
these data can be used to define the sequence of geologic 
events and tectonothermal drivers responsible for the 
evolution of these terranes.
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Appendix 1 

Summary of workflow for standard metamorphic study

1.  Sample selection. Metamorphic studies aim to address 
specific geological questions. Samples must have 
a broader geologic context that demonstrates they 
can further our understanding of the evolution of a 
tectonic or stratigraphic unit. Detailed petrography is 
used to identify the peak assemblage, and if possible, 
any information on the prograde or retrograde 
evolution. Ideally the inferred phase assemblage/s will 
comprise a group of minerals that, when considered 
together, have a relatively limited P–T stability that 
will provide meaningful metamorphic constraints. 
Samples are selected based on mineral assemblage, 
presence of datable accessory phases and pertinent 
field observations. 

2.  Acquire polished thin section/s and whole-rock 
chemistry. Care is taken to ensure that the thin 
section and the sample volume selected for whole-
rock chemistry are close in terms of featuring the 
same minerals and no significant compositional 
differences (e.g. in the amount of porphyroblasts and/
or leucosomes and/or micaceous layers in one sample 
volume vs the other). Relatively small samples are 
commonly used for whole-rock geochemical analysis 
(generally <<2  kg). Whole-rock chemistry for most 
samples includes Fe titration for FeO:Fe2O3.

3.  Collect TIMA data for polished thin section(s) 
and process data using GSWA guidelines. These 
data are used to confirm mineralogy and estimate 
modal abundance of all phases, evaluate textures and 
microstructures preserved in the thin section, and to 
identify datable accessory phases (i.e. monazite) and 
their grain context in relation to other rock-forming 
minerals.

At this stage, the metamorphic (thermobarometric) and age 
(geochronology) data are acquired separately. After these 
data are obtained and processed, the final P–T–t data are 
defined. Additional analytical details for the geochronology 
and any trace element data collected simultaneously are 
provided in the Introduction to Geochronology Information 
document released each year on the parent data package 
(e.g. Lu et al., 2020).

4. In situ geochronology workflow

a) Monazite is the primary accessory mineral that is 
used by GSWA to date metamorphism, although 
depending on P–T–X conditions, titanite, zircon 
or xenotime may also be used. Selected monazite 
grains are characterized using BSE images. 
Parameters assessed include petrographic setting, 
grain size and shape, the occurrence of alteration 
or cracks, compositional zoning, and the presence 

and mineralogy of inclusions. These images are 
typically collected with a TESCAN MIRA- 3 
SEM at the John de Laeter Centre at Curtin 
University in Perth, Western Australia. For some 
samples, selected monazite grains may be further 
characterized via collection of element maps with 
the EPMA.

b) Collection of U–Th–Pb age data, typically with 
LA-ICP-MS at the John de Laeter Centre. For 
selected samples, trace element chemistry of 
monazite grains may be acquired simultaneously 
LASS methods or separately using a quadrupole 
ICP-MS or a EPMA.

c) Process U–Th–Pb age data. Time-resolved mass 
spectra are reduced in Iolite 4 (Paton et  al., 
2011). The isotope ratios and their propagated 
uncertainties are exported from Iolite and then used 
to calculate dates in Isoplot 3.71 (Ludwig, 2003). 
Ideally, age components are defined based on a 
weighted mean date, although if the data do not 
define a statistically robust weighted mean, the age 
spread will be reported. If trace element data are 
collected simultaneously with LASS, these data are 
also reduced in Iolite, and the software ioGAS is 
used to evaluate chemistry and assign geochemical 
groups.

5. Phase equilibria modelling workflow

Most P–T estimates for samples analysed by GSWA 
are based on the results of phase equilibria modelling, 
although other thermobarometric techniques may also 
be used. The thermobarometric methods used for each 
sample will be summarized in individual Metamorphic 
History Records. The workflow outlined here pertains 
to phase equilibria modelling.

a) Determine the most appropriate bulk composition 
for the sample and assemblage.

b) Acquire mineral chemistry or elemental maps, if 
these data are to be collected.

c) Calculate appropriate P–T–X pseudosections 
based on the scientific question(s) to be addressed. 
The P–T pseudosection is typically the final 
diagram that is used to constrain metamorphic 
conditions. However, P/T–X diagrams can 
also be useful to calculate prior to the P–T 
pseudosection, particularly for the following 
applications: i) to determine the most appropriate 
bulk composition for the calculation of P–T 
pseudosections, particularly regarding H2O and 
Fe2O3; ii) to conduct a sensitivity analysis for 

https://reflexnow.com/product/iogas/
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various components with higher uncertainty, 
such as H2O and Fe2O3; iii) to investigate the 
barometric or thermal evolution across changing 
composition (e.g. melt loss or alteration). Contour 
the pseudosections for mineral modes and mineral 
chemistry.

d) Compare the metamorphic assemblage(s) 
interpreted from petrographic analysis and mineral 
chemistry with the fields shown in calculated 
pseudosections to constrain as much of the P–T 
evolution as possible.

e) Integrate the results of in situ geochronology 
with the P–T path using textural and chemical 
information (if available).
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Appendix 3 

Abbreviations for common metamorphic minerals and phases

Abbreviation Mineral name Abbreviation Mineral name

Act actinolite Mrg margarite

Aeg aegirine Mca mica

Agt aegirine–augite Mc microcline

Ab albite Mnz monazite

Afs alkali feldspar Ms muscovite

Aln allanite Omp omphacite

Alm almandine Opq opaque

Als aluminosilicate (Al2SiO5) Oam orthoamphibole

Amp amphibole Or orthoclase

And andalusite Opx orthopyroxene

An anorthite Osm osumilite

Ath anthophyllite Pg paragonite

Ap apatite Ph phengite

Aug augite Phl phlogopite

Bdy baddeleyite Pl plagioclase

Bt biotite Prh prehnite

Cal calcite Pmp pumpellyite-(Al)

Chl chlorite Py pyrite

Cld chloritoid Prp pyrope

Cam clinoamphibole Po pyrrhotite

Cpx clinopyroxene Px pyroxene

Czo clinozoisite Qz quartz

Coe coesite Rt rutile

Crd cordierite Sa sanadine

Crn corundum Spr sapphirine

Cum cummingtonite Scp scapolite

Di diopside Srl schorl

Dol dolomite Ser sericite

Ep epidote Srp serpentine

Fsp feldspar Sil sillimanite

Fi fibrolite (fibrous sillimanite) Sme smectite

Fo forsterite Sdl sodalite

Grt garnet Sps spessartine

Ged gedrite Spl spinel

Gln glaucophane Spd spodumene

Gr graphite St staurolite

Grs grossular Stp stilpnomelane

Hem hematite Sti stishovite

Hc hercynite Str strontianite

Hbl hornblende Tlc talc

H2O fluid (water) Thr thorite

Ilm ilmenite Ttn titanite (sphene)

Jd jadeite Tur tourmaline

Kln kaolinite Tr tremolite

Kfs K-feldspar Usp ulvöspinel

Ky kyanite Wo wollanstonite

Lws lawsonite Xtm xenotime

Liq liquid (silicate melt) Zrn zircon

Mag magnetite Zo zoisite

Note: Modified from Whitney and Evans (2010)

Reference
Whitney, DL and Evans, BW 2010, Abbreviations for Names of Rock-Forming Minerals: American Mineralogist, v. 95, p. 185–187.
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