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A B S T R A C T

The composition of a porphyroblast such as garnet is not governed by equilibrium relations when it nucleates
and grows after considerable overstepping. The approach followed here is to assume the composition is con-
trolled by the maximum driving force (MDF) or parallel tangent model and to examine the potential pitfalls for
assuming equilibrium. The MDF model ensures Fe-Mg partitioning equilibrium between the matrix phases and
growing porphyroblast, but the net transfer equilibrium controlling grossular content has a different stoichio-
metry from the equilibrium relations. An important result of this study is that garnet zoning profiles generated
using this model and assuming chemical fractionation are nearly identical to zoning profiles grown assuming
continuous equilibrium and it is impossible to discern whether garnet grew under near-equilibrium conditions or
only after considerable overstepping by examination of the zoning profile alone.

Pressure–temperature paths calculated using the method of intersecting isopleths from simulations in which
garnet was grown after overstepping and assuming the MDF model typically display nearly isothermal loading or
loading with minor heating paths, even when the garnet was grown under isothermal and isobaric conditions.
Garnet-plagioclase barometry on the garnet core and rim also suggests loading during garnet growth, even for
crystals grown isothermally and isobarically. Garnet-biotite Fe-Mg exchange thermometry does, however, re-
cover the correct temperature to within 10 °C for both the garnet core and rim.

Comparison of natural samples to the theoretical calculations suggests that the local effective bulk compo-
sition in the vicinity of garnet is depleted in Na2O, in addition to FeO, MnO and CaO, thus rendering calculation
schemes that rely on knowledge of the bulk composition difficult to administer. To the extent that garnet has
nucleated and grown after considerable overstepping, application of methods of extracting P–T paths from the
chemical zoning in garnet will yield incorrect results if those methods assume continuous equilibration with the
matrix. The major discrepancy comes from calculation of the P–T conditions of the garnet core. Simulations and
natural samples suggest that under typical scenarios the garnet rim is in near equilibrium with the matrix
assemblage so equilibrium approaches (thermobarometry or intersecting isopleths) should recover the peak
metamorphic conditions with reasonable assuredness.

1. Introduction

A mainstay of modern metamorphic petrology is the use of equili-
brium calculations to infer the conditions of metamorphism and me-
tamorphic P–T paths. However, recent advances utilizing a method that
is independent of the assumption of equilibrium — specifically, quartz
in garnet or QuiG barometry — reveals that the nucleation and growth
of garnet and presumably other porphyroblasts does not occur under
near equilibrium conditions but rather occurs only after considerable
overstepping of the equilibrium garnet isograd reaction (Hollister,
1969; Waters and Lovegrove, 2002; Wilbur and Ague, 2006; Pattison
and Tinkham, 2009; Pattison et al., 2011; Spear et al., 2014; Spear,

2017; Castro and Spear, 2016; Wolfe and Spear, 2018). Garnet growth
is therefore controlled at least in part by kinetics, and equilibrium
calculations applied to such a system may yield incorrect estimates of
P–T conditions and paths.

This paper explores some aspects of the issues surrounding the use
of equilibrium calculations to the estimate of P–T conditions involving
garnet. These include (a) knowledge of the effective bulk composition
(EBC) during the growth of garnet — a necessary condition for the
application of mineral assemblage diagrams (MADs) or pseudosections;
(b) elucidation of the governing equations for growing a porphyroblast
after overstepping of several tens of degrees and/or several kilobars
pressure; (c) exploration of the non-uniqueness of garnet zoning profiles
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with respect to evaluating the appropriate governing equations for
porphyroblast growth; (d) examining the implications of applying
equilibrium calculations to the interpretation of garnet zoning profiles;
and (e) exploration of the accuracy of equilibrium geothermobarometry
in light of overstepped metamorphic reactions.

2. Results from the application of QuiG barometry

The arguments presented in Spear et al. (2014) and Spear and Wolfe
(2018) based on the application of quartz-in-garnet (QuiG) barometry
strongly support the interpretation that garnet nucleated only after
considerable overstepping. The P–T conditions of garnet nucleation for
those samples have been inferred from a combination of QuiG baro-
metry, zirconium-in-rutile (ZiR) thermometry when possible, and re-
gional P–T conditions based on isograd sequences and phase equili-
brium calculations of peak metamorphic conditions.

However, many of the samples studied by Spear and Wolfe (2018),
when evaluated using the method of intersecting isopleths and as-
suming that the measured bulk rock composition (the OBC or original
bulk composition of Spear and Wolfe, 2018), have garnet core com-
positions that plot very near the equilibrium garnet-in isograd. This
result is not uncommon in numerous recent publications (e.g. Tinkham
and Ghent, 2005a; Gaidies et al., 2006, 2008; Dragovic et al., 2012;
Moynihan and Pattison, 2013; George and Gaidies, 2017; Lanari and
Duesterhoeft, 2019), raising the question of whether garnet did, in fact,
nucleate very close to this equilibrium isograd.

Although the results of QuiG barometry suggest that garnet does not
nucleate at or very near the calculated equilibrium isograd, the possi-
bility exists that the thermodynamic data are insufficiently accurate to
calculate the precise location of the isograd. As an exercise, it is possible
to make adjustments to the enthalpy of the spessartine component in
garnet so that the intersecting isopleths for the garnet core align nearly
exactly on the equilibrium garnet isograd. This experiment has been
conducted for one of the samples studied by Spear and Wolfe (2018)
and the results shown in Fig. 1. The original Hsps value of
−5,641,080 J/mol (following Berman, 1988, 1990) was adjusted to a
value of −5,625,000 J/mol (an increase of 16,080 J/mol or 0.28%) so
that the spessartine isopleth lined up exactly on the isograd. Coin-
cidentally, almandine and grossular also intersect the isograd at very
nearly the same P–T conditions. However, pyrope and, consequently,
Fe/(Fe+Mg) plot 20 and 30 °C higher, respectively. Therefore, no
modification of the enthalpy of a single garnet component can align all

of the garnet core isopleths. Additionally, this experiment has only been
conducted on a single sample, and it is not likely that the same ad-
justment of spessartine enthalpy would serve to align garnet core iso-
pleths in other samples, simply based on the observed discrepancy
between published isograds and isopleth intersections. The same ex-
periment conducted using HP11 ds6.2 (Holland and Powell, 2011;
White et al., 2014a, b) results in a required change in spessartine en-
thalpy from the original value of −5,693,490 J/mol (from Dachs et al.,
2009) to −5,659,000 J/mol, an increase of 34,490 J/mol or 0.6%.
Considering the magnitude of error associated with Hsps from Dachs
et al. (2009) of only± 1400 J/mole, it does not seem reasonable that
Hsps could be off by 16–34 kJ/mol.

Ultimately, then, evaluation of the P–T conditions of garnet core
growth, and consequently of the EBC controlling garnet core compo-
sition, hinges on whether the method of intersecting isopleths or QuiG
barometry provide a more accurate estimate of P and T.

The accuracy of QuiG barometry has been verified experimentally
and Thomas and Spear (2018) have concluded that QuiG barometry is
capable of reproducing the experimental conditions in which quartz
inclusions were encapsulated in garnet to better than 10% of the known
experimental pressure. However, it is possible that application of the
experimental results to natural samples might neglect some important
process that might modify the internal pressure of a quartz inclusion.
Although a number of post-entrapment processes might serve to de-
crease the inclusion pressure, no process has yet been proposed that
would result in an increase in inclusion pressure. We therefore assume
that the QuiG barometry provides an accurate assessment of the pres-
sure of garnet nucleation, as has been concluded by Ashley et al.
(2014); Spear et al. (2014); Castro and Spear (2016); Wolfe and Spear
(2018); Spear and Wolfe (2018); Dragovic et al. (2012), and Thomas
and Spear (2018). Supplemented with zirconium-in-rutile or regional
P–T considerations, the results of QuiG barometry can be used to infer
the P–T conditions of initial garnet growth. The ability of QuiG to
preserve these conditions through a metamorphic episode will be ad-
dressed in the discussion section.

3. Thermodynamic considerations

The purpose of this next section is to provide a generalized approach
to the development of the equations used to calculate the composition
of a phase growing out of equilibrium and towards that end a short
review of the equilibrium relations is warranted. As is well-known,
application of thermodynamics to the calculation of equilibrium phase
relations requires solving the system of equations for the assemblage in
question of the form

∑= ν μ0 i i (1)

where μi is the chemical potential of the ith phase component and vi is
the stoichiometric coefficient of the phase component in the equation.
For example, the relationship
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is one such equation governing the composition of garnet growing
from chlorite in a pelitic schist. Given a system of nsys system compo-
nents with a total of p phases and nph independent phase components,
there are nph-nsys such relationships as well as a stoichiometric re-
lationship for each p phase. The difference between the number of
unknowns (nph + 2) and equations (nph-nsys + p) is the phase rule
variance (v=nsys + 2 – p).

If mass balance constraints are desired, then there are an additional
nsys mass balance equations and an additional p unknowns representing
the amounts of each phase. The variance of the full equilibrium system
at constant bulk composition is thus v=nsys + 2 – p – nsys + p=2,
which is Duhem’s theorem (see Spear, 1993 for detailed derivations).

An algorithm for determining a linearly independent set of

Fig. 1. P–T diagram showing the intersecting garnet isopleths for sample TM-
626 with Hsps adjusted so that the spessartine isopleth falls exactly on the garnet
isograd at 565 °C, 0.8 GPa. Labels identify the isograd and isopleths for garnet
components. The garnet isograd calculated with the unmodified Hsps is shown
as a dotted line.
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equations such as Eq. (1) was presented by Thompson (1982). The al-
gorithm involves performing a Gaussian reduction on a nph x nsys matrix
that defines the composition of each phase component in terms of the
system components. An identical reduction is performed on an nph x nph
identity matrix. The Gaussian reduction results in the last nph – nsys
rows being all zeros. The same rows in the identity matrix after iden-
tical row reductions are the set of so-called null space reactions. That is,
the set of linearly independent reactions among the phase components
which, when written in terms of chemical potentials, take the form of
Eq. (1).

In a system out of equilibrium, it is necessary to make assumptions
about the governing energetics in order to make calculations of the
phase compositions and system evolution. Following Hillert (2008; see
also Thompson and Spaepen, 1983) we adopt a method that we call the
maximum driving force (MDF) method (also known as the parallel
tangent method; Gaidies et al., 2011). The basic premise of this ap-
proach is that the system will follow a path that results in the maximum
decrease in free energy. As demonstrated by Thompson and Spaepen
(1983) and discussed by Pattison et al. (2011), Spear et al. (2014), and
Spear and Pattison (2017), this method predicts that the composition of
the out of equilibrium phase that will form is that which lies on a
tangent plane that is parallel to the tangent plane for the equilibrated
phases. Mathematically, the parallel tangent is defined by equations
such as

− = −μ μ μ μalm
Grt

prp
Grt

alm
Matrix

prp
Matrix

(2a)

− = −μ μ μ μsps
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prp
Grt
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where garnet is the phase out of equilibrium and the term μalm
Matrix refers

to the chemical potential of the almandine component as defined by the
chemical potentials of matrix phases. Inasmuch as equations (2) are
differences, then number of independent relations of the form of (2) is
equal to the number of independent components in the phase of interest
(three for garnet).

Calculation of the independent set of relations of form (2) can
readily be accomplished by further manipulation of the system of lin-
early independent relations determined from the Gaussian reduction
described above. The method is to simply subtract the appropriate
equations until they take the proper form. For example, Table 1 shows
the set of stoichiometric relations in the MnNCKFMASH system con-
taining the phases quartz+muscovite+ plagioclase+ fluid+
biotite+ chlorite+ garnet for the equilibrium relations (1). If garnet
nucleates and grows out of equilibrium, however, the last four equa-
tions are not valid and must be replaced by the MDF equations (2).
These equations are readily derived by successively subtracting the
equation that defines the pyrope component (the 9th row) from last
three equations (Table 2). It will be noted in Table 2 that the first two

MDF equations are exchange reactions that describe the Fe-Mg and Mn-
Mg exchange between garnet and the matrix assemblage. The third
equation is a net transfer reaction (Grs – Prp). Note that the number of
MDF equations for garnet (Table 2) is one fewer than the number of
equilibrium relations for garnet (Table 1). This is always true. There-
fore, there is one additional degree of freedom introduced for each
phase that obeys the MDF relations. For a system under mass balance
constraints, Duhem’s theorem becomes V=2 + number of MDF
phases. That is, the system is no longer defined simply by two in-
dependent variables such as P and T, but the value of additional vari-
able need be specified. A logical choice is the amount of a phase (in
particular, the out-of-equilibrium phase), the growth of which will be
limited by kinetics. The system of MDF equations can be constructed for
any number of phases out of equilibrium and can be solved at constant
P and T if the amounts of the phases out of equilibrium is specified,
either by a kinetic formulation or by simply specifying an amount.

4. Calculation of effective bulk composition (EBC)

4.1. Method for calculation of EBC

Using the above equations for the MDF model, the composition of
the core of an overstepped garnet can be calculated and the result will
be a function of the pressure, temperature, and effective bulk compo-
sition (EBC) at the time of its formation. If the P–T conditions and
composition of the garnet core are known, then the EBC that yields the
measured garnet core composition can be calculated, as was developed
and applied by Spear and Wolfe (2018). The method involves solving
the additional independent equations

= −X X0 ( )alm Meas alm Calc, , (3a)

= −X X0 ( )sps Meas sps Calc, , (3b)

= −X X0 ( )grs Meas grs Calc, , (3c)

by varying the MnO, CaO and FeO or MgO amounts in the bulk com-
position.

All calculations have been performed using a module in Program
Gibbs that solves Eqs. (1) using the constraints from equations 2 and 3.
In order to assess the possible biases from the choice of thermodynamic
data sets, calculations have been done using the SPaC dataset (Spear
and Pyle, 2010), the Holland and Powell (2011) dataset ds6.2 with
activity models as updated in White et al. (2014a, b) and the Holland
and Powell (1998) dataset ds5.5 with activity models as described by
Pattison and DeBuhr (2015).

4.2. Results of calculated EBC

Spear and Wolfe (2018) discussed the results of calculations of the
effective bulk composition (EBC) based on the method described above

Table 1
Stoichiometric coefficients for the linearly independent set of reactions among the phases quartz+muscovite+ plagioclase+ fluid+ biotite+ chlorite+ garnet in
the system MnNCKFMASH.

abQz H2O Mg-C Fe-C Ms Ab An Clin Mg-A Daph Fe-A MnCh Phlo East Anni Side MnBi Prp Alm Sps Grs

0 0 5 −5 0 0 0 −1 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 5 −4 −1 0 0 −1 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 1 0 −1 0 0 −1 1 0 0 0 0 0 0 0 0 0 0 0 0
2.333 1.333 −1.333 0 0.333 0 0 −0.333 0 0 0 0 1 0 0 0 0 0 0 0 0
2.333 1.333 −0.333 0 −0.667 0 0 −0.333 0 0 0 0 0 1 0 0 0 0 0 0 0
2.333 1.333 1.667 −3 0.333 0 0 −0.333 0 0 0 0 0 0 1 0 0 0 0 0 0
2.333 1.333 1.667 −2 −0.667 0 0 −0.333 0 0 0 0 0 0 0 1 0 0 0 0 0
2.333 1.333 −1.667 0 0.667 0 0 0.333 0 0 0 −0.667 0 0 0 0 1 0 0 0 0
−1.333 2.667 0.333 0 −0.333 0 0 −0.667 0 0 0 0 0 0 0 0 0 1 0 0 0
−1.333 2.667 3.333 −3 −0.333 0 0 −0.667 0 0 0 0 0 0 0 0 0 0 1 0 0
−1.333 2.667 0 0 0 0 0 0 0 0 0 −0.667 0 0 0 0 0 0 0 1 0
3.667 −1.333 −1.667 0 1.667 0 −3 0.333 0 0 0 0 0 0 0 0 0 0 0 0 1
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based on the MDF. In this paper, the results for a single sample (TM-
626) are investigated in more detail to determine the extent to which
the differences between the original bulk composition (OBC) and cal-
culated EBC depend on the choice of thermodynamic data bases.

Table 3 shows the calculated results for sample TM-626 using the
SPaC18, HP98 ds5.5, and HP11 ds6.2 databases using the components
FeO, MnO and CaO as monitors. All three sets of calculations reveal that
the EBC is depleted in MnO and CaO relative to the OBC, although the
amount varies between datasets. The EBC is also depleted in FeO using
both the SPaC18 and HP98 databases, but the depletion is negligible
using the HP11 database.

Results from calculations on the eight samples discussed by Spear
and Wolfe (2018) are plotted in Fig. 2. All samples require EBCs that are
depleted in MnO and have a lower Fe/Mg than the measured bulk
composition. CaO is also depleted in epidote-free samples but shows
both depletion and enrichment in epidote-bearing samples.

4.3. Models for EBC

Knowledge of the EBC during garnet growth is obviously critical for
methods that require mass balance for the determination of P–T

conditions. A number of papers have discussed this issue and a thor-
ough analysis of the uncertainties in P–T estimates based on un-
certainties in the EBC was presented by Palin et al. (2016). The three
main methods in common use for determination of rock compositions
are whole-rock XRF analyses, calculation of the rock composition using
modal analysis and mineral compositions, and whole rock analysis of a
portion of a thin section by scanning EDS analysis. The XRF method
tends to average compositional heterogeneities in a sample whereas the
other two methods are highly dependent on the amounts of the mi-
nerals present in the analyzed thin section. Palin et al. (2016) and La-
nier and Duesterhoeft (2019) have presented insightful discussions of
the criticality of inferring the correct EBC, regardless of the method
employed.

Unfortunately, none of these methods of determining rock compo-
sition can a priori determine the effective bulk composition during
garnet growth. Methods based on XRF analyses, while providing precise
chemistry, cannot readily distinguish the effective bulk composition in
which local equilibrium was attained, especially in a rock with subtle
but important compositional layering. Thin section-based methods
suffer from the significant concern that the thin section might not
contain the required representative modal distribution of phases. Lanier
and Duesterhoeft (2019; see also Tinkham and Ghent, 2005b) have
developed sophisticated software (XMapTools and Bingo-Antidote) that
allows the user to readily calculate rock compositions based on the
choice of volume of equilibration in composition maps of the sample,
and it is even possible to exclude the interior of phases that are che-
mically zoned or phases that incorporate some major elements but are
not being considered in the analysis (e.g. tourmaline – see also Figs. 2
and 3 of Palin et al., 2016). However, the results of the above calcu-
lations (Fig. 2 and Table 3) and those in Spear and Wolfe (2018) in-
dicate that no amount of manipulation of the modal amounts of phases
can accurately reproduce the EBC for the sample during garnet growth.

In order to gain insight into the controls on the EBC during por-
phyroblast growth, it is necessary to review the possible kinetic lim-
itations. Broadly, there are two possible rate-limiting processes that can
control the rate of porphyroblast growth and the EBC: surface processes
and transport. Surface processes include the energetics of breaking
down phases that are being consumed and those involved with the
formation of a new phase. Although no quantitative assessment of these

Table 2
MDF equations assuming that garnet is the only phase that has grown out of equilibrium with the matrix.

abQz H2O Mg-C Fe-C Ms Ab An Clin Mg-A Daph Fe-A MnCh Phlo East Anni Side MnBi Prp Alm Sps Grs

0 0 3 −3 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 1 0 0
0 0 −0.333 0 0.333 0 0 0.667 0 0 0 −0.667 0 0 0 0 0 −1 0 1 0
5 −4 −2 0 2 0 −3 1 0 0 0 0 0 0 0 0 0 −1 0 0 1

Table 3
Calculated EBC for sample TM-626 using different thermodynamic databases at
the inferred nucleation conditions of 575 °C, 10,750 bars (wt.% oxides).1.

OBC1 EBC2 EBC2 EBC2

SPaC18 HP98 ds5.5 HP11 ds6.2

SiO2 55.72
Al2O3 16.16
MgO 3.97
FeO 10.76 7.52 9.01 10.57
MnO 0.44 0.16 0.07 0.10
CaO 0.64 0.23 0.55 0.20
Na2O 1.25
K2O 4.05
H2O 10.00

1 Original bulk composition (OBC) were determined from integration of
scans using the electron microprobe of thin sections.

2 Effective bulk composition (EBC) calculated for selected elements as de-
scribed in the text.

Fig. 2. Plots showing the results of calculations of the
effective bulk composition (EBC) for the eight samples
examined by Spear and Wolfe (2018). Symbols show
the inferred EBC relative to the whole-rock measured
bulk composition (at a value of 0). Note that MnO is
always lower than the measured MnO content for all
sample studied. Calculated with the SPaC (Spear and
Pyle, 2010) dataset.
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processes for metamorphic rocks is available, it is probable that the
kinetics of breaking down reactant phases is more inhibitive than those
involved with growing an existing phase. Transport process include
transport through the grain boundary medium (grain boundary diffu-
sion) and transport within existing phases (lattice diffusion). It is well-
know that the rates lattice diffusion in silicates is highly variable and at
any set of external conditions it is likely that some elements in certain
phases will be highly mobile whereas others will be essentially im-
mobile (e.g. Carlson, 2002). Thus, it is likely that lattice diffusion plays
a significant role in affecting some aspects of the effective bulk com-
position. It is similarly likely that grain boundary diffusion is highly
variable for different elements under different conditions. For example,
Carmichael (1969) argued for the immobility of Al to explain common
metamorphic textural associations and Carlson (1989, 1991) has ar-
gued for the diffusivity of Al to be rate-limiting in garnet growth.

A quantitative analysis of the factors affecting the EBC is beyond the
scope of this paper, but it is worth reiterating that there is currently no
model that will permit accurate a priori prediction of the EBC and how it
evolves during recrystallization.

5. Impact of the choice of assumed thermodynamic models on
calculated P–T paths

A method common to many recent publications is to use what has
been referred to as the method of intersecting isopleths (MII) (e.g.
Moynihan and Pattison, 2013; Gaidies et al., 2015; Dragovic et al.,
2012; George and Gaidies, 2017; St-Onge and Davis, 2017; see discus-
sion in Lanari and Duesterhoeft, 2019). There are four variable com-
positional parameters in typical pelitic garnets, the intersection of any
two of which will define a point in P–T space. These intersections have
been interpreted as points through which the rock has passed and the
array as defining the rock P–T path. Calculation of the P–T conditions of
an isopleth of garnet composition requires an assumption about the
effective bulk composition throughout the duration of garnet growth as
well as assumptions about appropriate equations governing the com-
position of garnet (equilibrium versus non-equilibrium). As discussed in
the previous section, the EBC is effectively un-knowable from first
principles, so this effort is fraught with uncertainty. Equally impactful is
the choice of models for the growth of garnet. As discussed in the
section on thermodynamic considerations, the equilibrium model in-
volves solving a set of equations of the form of Eq. (1) whereas garnet

that is nucleating and growing out of equilibrium is governed by a set of
equations similar to (2). The equilibrium Eqs. (1) ensure both parti-
tioning and net-transfer equilibrium is maintained whereas the MDF
equations (2) ensure Fe-Mg partitioning equilibrium is maintained but
the net transfer equilibrium between grossular and the matrix assem-
blage has a different stoichiometry from the equilibrium relation.

To explore the impact of choice of models, a series of calculations
have been done on the measured garnet zoning profile for sample TM-
626 and presented as inferred P–T paths (Figs. 3–5). The various models
are these:

(1) Application of the method of intersecting isopleths on the measured
zoning profile of a garnet assuming the whole rock (measured) bulk
composition is constant throughout (Fig. 3a and b).

(2) Application of the method of intersecting isopleths on the garnet
rim composition assuming a bulk composition similar to (1) but in
which garnet has been removed (the garnet-free whole rock bulk
composition) (Fig. 3c).

(3) Calculation of a synthetic garnet zoning profile at constant P–T
conditions (isothermal and isobaric) using the MDF constraints
(equations 2) and application of the method of intersecting iso-
pleths on this synthetic zoning profile (Fig. 4).

In all of these models, the method of intersecting isopleths has been
applied by making the assumption that the entire system has equili-
brated at every pressure and temperature.

5.1. Model results

The isopleths for garnet core composition shown in Fig. 3a (Model
1) do not all intersect in a single point, which they should if all of the
assumptions are met and the thermodynamic data and activity models
are correct. Isopleths for almandine, spessartine, and grossular intersect
in a fairly small triangle around 0.9 GPa and these are often the iso-
pleths used in the MII. However, the isopleth for pyrope falls approxi-
mately 30 degrees higher; it intersects the spessartine isopleth at
around 0.65 GPa, the grossular isopleth at around 1.1 GPa and the al-
mandine and pyrope isopleths do not intersect at all. A number of
studies have used the close intersections of the almandine, spessartine
and grossular isopleths as indication of near-equilibrium crystallization;
however, the disparity of those isopleths with that for pyrope renders

Fig. 3. P–T diagrams showing inferred P–T paths for sample TM-626 using the method of intersecting isopleths. (a) Contours for pyrope (prp), almandine (alm),
spessartine (sps), and grossular (grs). The black dots show the intersections of each pair of isopleths and might be used to infer the P–T conditions of the garnet core.
(b) P–T paths inferred from different pairs of isopleths (color coded). The line labeled QuiG is the quartz-in-garnet Raman barometer and the inferred P–T conditions
for garnet nucleation and growth are indicated by the black square. Note that the P–T paths are similarly shaped, but all imply isothermal loading whereas the garnet
is interpreted to have grown at constant P–T (Wolfe and Spear, 2017; Spear and Wolfe, 2018). (c) Isopleths of almandine, spessartine, and grossular for the garnet
rim. The similarity of these intersections with the black square suggest an approach to equilibrium at the peak of metamorphism.
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this conclusion suspect.
In Fig. 3b are shown four P–T paths based on the core-rim garnet

zoning. All paths are generally similar and suggest an increase in P and
T during garnet growth. It should be noted, however, that paths based
on almandine-pyrope intersections would not plot on the diagram and

paths based on pyrope-spessartine, although ending at P–T conditions
similar to the other paths, suggest pressure for the garnet core was
significantly lower.

The results of Model 2 are shown in Fig. 3c. As can be seen, the
estimated P–T conditions for the garnet rim using a garnet-absent bulk
composition are 0.1-0.2 GPa lower than those inferred for the garnet
rim assuming a constant (unfractionated) bulk composition (Fig. 3b),
again emphasizing the first-order impact of assumptions about the bulk
composition on inferred P–T conditions. It is also worth noting that the
Model 2 isopleths are within uncertainty of the P–T conditions esti-
mated for this sample by Spear and Wolfe (2018: 575 °C, 1.075 GPa)
which provides reasonable surety that the rim of the garnet formed in
near-equilibrium conditions and that the thermodynamic data are
capable of reproducing these conditions.

The synthetic garnet zoning profile (Model 3) is nearly identical to
that presented by Spear (2017, Fig. 2 of that paper). P–T paths inferred
from intersecting isopleths from this synthetic zoning profile (Fig. 4) all
show dramatic increases in pressure (0.3 to 0.9 GPa) over modest in-
creases in temperature (530–580 °C). However, the synthetic garnet
was grown under isothermal, isobaric conditions (indicated by the
square in Fig. 4). This example should illustrate beyond any doubt that
the P–T conditions inferred from garnet zoning are dependent to a first
order on the assumptions made in attempting to recover the P–T his-
tory.

It is tempting to believe the paths calculated from zoned garnet
assuming the phase crystallized under near-equilibrium conditions is
correct because these paths generally conform to preconceived notions
of prograde paths for Barrovian facies series. However, it must be ac-
knowledged that very similar paths are calculated when garnet grows
under isothermal, isobaric conditions following the MDF criteria. It is
thus unfortunate, but nevertheless true, that the chemical zoning in
garnet does not contain information about the prograde P–T path if the
results of QuiG barometry are correct and the garnet nucleated and
grew after considerable overstepping.

As an additional example, consider the P–T paths inferred from
garnet zoning from a suite of samples from the Wopmay Orogen (St-
Onge and Davis, 2017). An isothermal, isobaric simulation was run for
sample C408 using the same methods as above at the calculated peak
P–T conditions of 600 °C, 0.4 GPa and the model garnet zoning is dis-
played in Fig. 5. Comparison with Fig. 8b of St-Onge and Davis (2017)
reveals the zoning profiles to be virtually identical with Ca relatively
flat, Mg increasing slightly, Mn decreasing in a typical bell-shape, and

Fig. 4. P–T paths inferred from the method of intersecting isopleths (similar to
Fig. 3) from a simulated garnet zoning profile grown at 575 °C, 1.075 GPa (the
black square) following the method described by Spear (2017). Note that the
intersecting isopleths all imply isothermal loading even though the garnet was
grown at constant P and T.

Fig. 5. (a) Calculated garnet zoning profile using the MDF model and isothermal, isobaric growth at 600 °C, 0.4 GPa using the bulk composition for sample C408 from
St-Onge et al. (2018). (b) P–T diagram contoured with isopleths of pyrope and grossular for the garnet core (solid lines) and rim (dashed lines) shown in (a). Note the
inferred P–T path of increasing P and T even though the garnet was grown isothermally and isobarically.
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almandine increasing towards the rim. Using the MDF calculated garnet
core and rim compositions from the simulation, Fig. 5b shows how the
isopleths for Mg and Ca plot in P–T space. The core intersection occurs
at around 550 °C, 0.16 GPa whereas the rim isopleths intersect at
around 600 °C, 0.5 GPa. That is, the P–T path that would be deduced
from applying equilibrium isopleth calculations for a garnet grown
isothermally and isobarically is one of increasing pressure and tem-
perature, just as was inferred by St-Onge and Davis (2017). However,
this inference for the model simulation is clearly incorrect and it must
be concluded that isothermal, isobaric growth of sample C408 from this
study is also consistent with the observed mineral zoning.

6. Thermobarometry in the context of overstepping

Application of equilibrium thermobarometers involving garnet need
to be reevaluated in light of the possibility that the composition of
garnet may not be controlled by equilibrium relations (i.e. Eqs. 1) but
rather by the MDF equations (i.e. Eqs 2). To evaluate the degree to
which equilibrium thermobarometers may yield spurious results, two
sets of calculations have been conducted and compared. An equilibrium
mineral assemblage diagram (MAD or pseudosection) was calculated in
the MnNCKFMASH system considering only the phases garnet – chlorite
–muscovite – biotite – quartz – plagioclase – fluid in order to avoid over
complication of the diagram (Fig. 6). Phase compositions at 600 °C,
1 GPa are presented in Table 4. Three fields are represented (all with
muscovite+ quartz + H2O): chlorite+ biotite+ plagioclase,
chlorite+ biotite+ garnet+ plagioclase, and biotite+ garnet+
plagioclase. The composition of all phases was calculated at every P and
T and the value of the distribution constant

=K
Fe Mg
Fe Mg
( / )
( / )D

Grt

Bt

contoured on the P–T diagram (Fig. 6a: black lines). A second MAD
was calculated in which garnet was excluded from the calculations so
that the entire diagram incorporated only the assemblage chlorite+
biotite+ plagioclase+muscovite+ quartz + H2O. The composition
of garnet at each P–T point was calculated using the MDF equations
(Eqs. 2) and the KD for garnet-biotite calculated and contoured on the
P–T diagram (Fig. 6a: red lines). The results show very similar contours
for each model (black lines versus red lines in Fig. 6a) over all of P–T

space except at the lowest temperatures and highest pressures. Dis-
regarding the discrepancy in the upper left of the diagram, the max-
imum difference in temperature between the EQ and MDF models for a
given value of KD is around 10 °C. At 600 °C, 1 GPa the compositions of
garnet and biotite differ somewhat in the two models, but the ratio (Fe/
Mg)Grt/(Fe/Mg)Bt is relatively similar (7.681 versus 7.451) and the
difference does not propagate into a large difference in temperature
that would be inferred through application of the garnet-biotite ther-
mometer. That is, growth of garnet following the MDF equations rather
than the equilibrium equations does not greatly affect the calculated
temperature using a thermometer based on the Fe/Mg ratios of garnet
and biotite. This result is perhaps not surprising because the MDF
equations ensure Fe-Mg partitioning equilibrium between garnet and
other phases.

The results of a similar pair of calculations for the garnet-plagio-
clase-muscovite-biotite barometer (calibration of Hodges and Crowley,
1985), however, reveal significant differences in the P–T locations of
the equilibrium constant for this barometer (Fig. 6b):

=K
a a a
a aEq
grs prp ms

phl ano
3 (4)

here written in terms of Mg end-member components. With phase
compositions controlled by equilibrium relations, the isopleths of the
equilibrium constant are quite flat (black lines in Fig. 6b). However,
with phase compositions controlled by the MDF relationships, the iso-
pleths are considerably steeper (red lines in Fig. 6b) than with the

Fig. 6. Equilibrium MAD P–T diagrams for the MnNCKFMASH system for two bulk compositions. (a) and (b) are calculated for the bulk composition of TM-626 and
(c) is calculated for a hypothetical high-Al bulk composition. (a) Diagram contoured with values of Grt-Bt KD. (b) Diagram contoured with values of Keq for the
equilibrium Grt-Plg-Ms-Bt (GPMB). (c) Diagram contoured for the equilibrium constant for the Grt-Plg-AlSi (GASP) barometer. Black contours are calculated from
equilibrium garnet compositions, red contours are calculated from MDF garnet compositions. Note the similarity in contours for the Grt-Bt thermometer but the
significant difference for the GPMB and GASP barometers. Dotted lines in (c) outline the fields where an aluminosilicate is stable, but contours are drawn in all
garnet-bearing fields to better show the relationship between the two sets of contours.

Table 4
Comparison of garnet and plagioclase compositions from the EQ and MDF
models at 600 °C, 1 GPa and mineral compositions in sample TM-626.

EQ model MDF model

Xprp 0.088 0.046
Xalm 0.754 0.552
Xsps 0.079 0.314
Xgrs 0.079 0.088
Grt Fe/(Fe+Mg) 0.895 0.923
Bt Fe/(Fe+Mg) 0.526 0.620
Xan 0.128 0.221
(Fe/Mg)Grt/(Fe/Mg)Bt 7.681 7.415
(Xan/Xgrs)^3 4.25 15.84
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equilibrium formulation (black lines). The consequences of this differ-
ence are substantial if it is not known whether a garnet nucleated and
grew under near-equilibrium conditions or only after considerable
overstepping. Consider, for example, a garnet-bearing sample with a
garnet core and plagioclase composition that yielded a value of the
equilibrium constant of 20. Assuming equilibrium nucleation, the in-
terpretation of this calculation would place the garnet core at the garnet
isograd at around 530 °C, 0.7 GPa (black square in Fig. 6b). Even if
independent constraint on the temperature of the garnet core were
available, the inferred pressure would still be around 0.7 GPa (e.g.
black circle in Fig. 6b). However, if the garnet nucleated only after
considerable overstepping then the core P–T conditions would fall
along the red isopleth for the same value of the equilibrium constant,
for example at around 600 °C, 1.0 GPa (red circle in Fig. 6b). If the peak
metamorphic conditions were inferred to be around 600 °C, 1.0 GPa,
then it is clear that the prograde P–T path inferred from garnet zoning
varies significantly depending on whether equilibrium is assumed.

A similar set of calculations for the garnet-plagioclase-aluminosili-
cate (GASP) barometer are presented in Fig. 6c in which the ratio

=K
a
aEq
grs

an
3 (5)

has been contoured for both the EQ and MDF models. The differ-
ences in slopes is not as pronounced as with the GPMB barometer, but
the same generalization holds true: namely, the P–T conditions inferred
from the garnet core are strongly dependent on the degree of over-
stepping.

The differences in the results of barometric calculations for the EQ
and MDF models can be understood by comparing the controlling ac-
tivity constants for grossular and anorthite components in the two
models. The equilibrium compositions are controlled by the constants
(4) or (5). With compositions constrained by the MDF relations, how-
ever, the grossular and anorthite components are controlled by rela-
tions such as

=K
a a a a
a a a
grs phl ms qtz

prp an cel

3 3 12

3 6

or

=K
a a

a a a
grs cel

prp an ms

3

3 3

Note that the ratio of grossular to anorthite appears in both the EQ
and MDF relations, but the MDF constant contains the ratio of the ac-
tivities of grossular to pyrope in both cases.

6.1. Application

Results of calculations on four samples from the Connecticut Valley
Trough, New England, are presented as representative of the results to
be expected by applying the above reasoning to natural samples. These
samples were chosen because the metamorphic evolution of the terrane
is relatively well-known (e.g. Menard and Spear, 1994; Wolfe and
Spear, 2018) and the rocks have only experienced a single Barrovian
metamorphic event.

Four curves are shown in Fig. 7 for each sample. The inferred P–T
conditions for garnet nucleation (black square) are constrained by the
QuiG barometry (dashed-dotted line), garnet-biotite Fe-Mg exchange
thermometry, zirconium in rutile thermometry, and pseudosection
analysis following the methods described in Wolfe and Spear (2017,
2018). Results of application of the garnet-plagioclase-muscovite-bio-
tite (GPMB) barometer (calibration of Hodges and Crowley, 1985)
using the measured garnet and plagioclase core and matrix muscovite
and biotite compositions are shown as solid lines. In addition, two sets
of model calculations are also shown. For the equilibrium calculation
(EQ model), the compositions of garnet, plagioclase, chlorite,

muscovite and biotite at the inferred conditions of garnet nucleation
(black square) were calculated using Program Gibbs and the SPaC
thermodynamic dataset (Spear and Pyle, 2010) and the measured bulk
composition of the sample. For the MDF model calculations, the same
P–T conditions, thermodynamic data set, and equilibrium assumptions
were used for all phases except garnet, and the composition of garnet
was calculated using the MDF approach described above. The GPMB
barometer was then applied to each set of mineral compositions and the
results plotted as dashed (EQ model) and dotted (MDF model) lines.

The results for sample OW-18 (Fig. 7a) are quite consistent with the
theoretical results described above and in Fig. 6. The curve for the
GPMB barometer using measured garnet and plagioclase core and
matrix biotite and muscovite compositions (solid line) lies nearly co-
incident with the theoretical calculations using the MDF model (dotted
line). The results for sample TM-626 are similar to those for OW-19
except the GPMB curves using the measured compositions (black lines)
fall 0.1-0.2 GPa above that for the MDF model. For sample OW-19, the
GPMB barometer results fall 0.2-0.3 GPa above the predicted MDF
model and for sample OW-5c (which is the only epidote-bearing sample
examined in this study), the measured compositions yield a barometric
curve (black line) that lies nearly 0.5 GPa above the MDF model. For-
tuitously, the barometric results for the measured compositions of the
garnet and plagioclase cores for samples OW-19 and OW-5c also fall
very close to the inferred conditions of garnet nucleation (black
square).

7. Discussion

The results shown in Fig. 7 indicate that at least some samples
follow the theoretical analysis of overstepping and the MDF calcula-
tions, but others do not. In fact, the compositions of phases in samples
OW-19 and OW-5c appear to be more consistent with equilibrium
crystallization of the garnet core and coexisting plagioclase than with
the overstepped (MDF) model. Whereas this is a tempting conclusion to
draw, it is not believed to be correct for the simple fact that, in equi-
librium, there is no driving force for garnet to grow, thus creating a
logical inconsistency. Indeed, the result of previous work on these
samples (Wolfe and Spear, 2017, 2018) indicate that the garnet grew
under nearly isothermal and isobaric conditions. Of course, there are
mechanisms to drive garnet growth such as the influx of a CO2-rich
fluid, but these are considered ad-hoc. Rather, it is believed that the
range of results displayed in Fig. 7 are the consequence of the local
effective bulk composition during garnet growth.

As demonstrated by Spear and Wolfe (2018), the effective bulk
composition (EBC) during the growth of the garnet core in these and
other samples is not the same as the measured bulk rock composition
(e.g. Fig. 2). Those calculations only considered variations in the FeO,
MnO, and CaO content of the EBC required to produce the measured
garnet core composition using the MDF calculations. The GPMB bar-
ometer, however, also assumes equilibrium with plagioclase. Specifi-
cally, the calculations presented in Fig. 7 assume that the Na2O content
of the EBC (not considered by Spear and Wolfe, 2018) was that mea-
sured for the whole-rock. Plagioclase cannot undergo significant lattice
diffusion at the P–T conditions of these samples and thus the CaO re-
quired to grow garnet must come from recrystallization of existing
plagioclase. In the epidote-free samples examined (OW-18, TM-626,
and OW-19), plagioclase is invariably zoned from calcic cores to more
sodic rims. Only in the epidote-bearing sample (OW-5c) is plagioclase
zoned towards more calcic rims. In either case, in order for plagioclase
to recrystallize with a new composition, Na must be sequestered from
the old plagioclase into the new plagioclase. This must result in an EBC
in the vicinity of garnet that is lower in Na than measured in the whole-
rock analysis. To test this hypothesis, consider the results for sample
TM-626. The measured plagioclase composition ranges from An14-An11.
The measure whole-rock Na2O content is 1.25 wt% and the calculated
equilibrium plagioclase composition with this Na2O content is An12. In
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order for the MDF curve to fall on the measured GPMB barometer,
however, the plagioclase composition would need to be around An22,
which would require an EBC in the vicinity of garnet with Na2O content
of 0.30 wt%. Consequently, it is concluded that the reason the measured
GPMB curves fall above the calculated MDF curves for samples TM-626,
OW-19, and OW-5c is that the effective Na2O content in the vicinity of
garnet is actually considerably lower than that measured in the whole-
rock analysis because Na2O is sequestered by recrystallizing plagio-
clase.

These results suggest that the EBC in a recrystallizing schist is
controlled very locally and may be highly variable from place to place
in a rock. As phrased by Putnis and Austrheim (2010), “…every me-
tamorphic reaction is metasomatic on a local scale.” This appears to be
true whether reactions are driven by fluid influx (e.g. Putnis and
Austrheim, 2010) or by significant overstepping.

The above calculations also demonstrate that if the chemical zoning
of garnet grown isothermally and isobarically is used in equilibrium
calculations, P–T paths deduced from analysis of this zoning will for-
tuitously appear to involve loading with or without an increase in
temperature. Inasmuch as P–T paths involving loading and heating are
to be expected from crustal thickening tectonic scenarios, these paths
are of considerable interest to petrologists. However, the results of the
present study raise the somewhat unwelcome specter that many of the
published P–T paths based on chemical zoning in garnet using either
equilibrium thermobarometry or intersecting isopleths may be in error.

It is important to recognize that the quantitative conclusions of this
contribution are based on the assumption that the MDF model accu-
rately recovers the composition of garnet nucleating and growing out of
equilibrium with its matrix assemblage. The MDF model (also referred

to as the parallel tangent method) has been applied to the nucleation of
a phase (e.g. Thompson and Spaepen, 1983; Hillert, 2008; Pattison
et al., 2011; Gaidies et al., 2011; Spear et al., 2014) and to the growth of
a garnet porphyroblast (e.g. Spear, 2017). However, application of the
parallel tangent model to the growth of phases has been questioned by
Hillert (1999) and Hillert and Rettenmayr (2003). The energetics of a
growing porphyroblast in a solid matrix are not the same as those de-
scribed by these authors, who were analyzing phases growing from an
aqueous solution or melt. However, these studies do raise the question
as to the correct formulation of the governing equations for a por-
phyroblast growing out of equilibrium. Nevertheless, a phase growing
out of equilibrium cannot be governed by the same equations as a phase
growing in equilibrium, so application of equilibrium approaches to
phases nucleating and growing after considerable overstepping must be
modified.

It is also important to note that the principal observational data
motivating this study are the results from the application of QuiG
barometry. A major conclusion from the application of QuiG barometry
to garnet nucleation and growth is that garnet nucleates only after
considerable overstepping in temperature and pressure and grows
nearly isothermally and isobarically at the metamorphic peak (e.g.
Spear et al., 2014; Castro and Spear, 2016; Wolfe and Spear, 2018).

One possibility that would invalidate the conclusions drawn from
the QuiG results is if there is a mechanism by which quartz inclusions
could readjust their internal pressures during prograde metamorphism.
Whereas there are mechanisms by which internal pressures on quartz
inclusions can be decreased from their initial maximum values such as
cracking of the garnet host or other inelastic strain, a mechanism that
would result in an increase in the pressure of a quartz inclusion is more

Fig. 7. P–T diagrams showing the results of barometric calculations for four samples from the Connecticut Valley Terrane in western New England. Inferred P–T
conditions of garnet core growth are shown by black square. Garnet-plagioclase-muscovite-biotite barometry using measured garnet and plagioclase core and matrix
biotite and muscovite compositions are shown with solid lines. The results of the model thermobarometry calculations using calculated garnet, plagioclase, biotite
and muscovite compositions at conditions of the square are shown as dotted (equilibrium model) and dashed (MDF model) lines. Results of QuiG barometry are
shown with dot-dashed lines.

F.S. Spear and O.M. Wolfe Chemical Geology 530 (2019) 119323

9



difficult to envision. However, if such a mechanism did exist then it
could, in theory, be possible that a quartz grain entrapped in garnet
during initial garnet growth at or very near the equilibrium garnet
isograd might experience an increase in internal pressure up to the peak
metamorphic P–T conditions. If the pressure of such an inclusion were
preserved during exhumation then application of QuiG barometry
would yield the apparent result that the garnet nucleated near the peak
P–T conditions whereas, in fact, the garnet had nucleated near the
equilibrium isograd and the inclusion pressure was reset near the me-
tamorphic peak.

As an example, consider a rock in which a quartz grain is en-
capsulated in garnet at 500 °C, 0.4 GPa and the rock is then subjected to
peak P–T conditions of 600 °C, 10 kb. The question to be addressed is:
what pressure will be felt by the quartz grain at the peak conditions and
what mechanism, if any, can be envisioned that would result in the
inclusion pressure being reset to the peak pressure? This calculation can
be done by modification of the procedure described in detail by Angel
et al., 2017 (Fig. 8). First, the isomeke for the entrapment conditions is
calculated and Pfoot determined along this isomeke at the peak tem-
perature. Then Pinclusion is calculated from the thermoelastic model of
Guiraud and Powell (2006). These calculations yield a Pinclusion of
0.8642 GPa at the peak metamorphic conditions.

The quartz inclusion has a lower pressure than the peak pressure so
the garnet host experiences extensional strain surrounding the inclu-
sion, provided the quartz-garnet grain boundary remains coherent. If
the extensional strain in garnet is relieved by, say, plastic deformation,
then it is conceivable that the pressure on the quartz inclusion could
reach that of the peak pressure. However, observations of natural
samples in which quartz has been entrapped in garnet at low pressure
reveals extensional strains in the garnet host in excess of 1500 bars
(Wolfe and Spear, 2017, and unpublished data). These samples reveal

preservation of the extensional strains in garnet during cooling from
over 600 °C is possible, so it is considered unlikely that relaxation of the
extensional strain in scenarios such as described above will occur.

Alternatively, if the grain boundary detaches, the extensional strain
in the garnet would be released and the quartz crystal would sit in a
void space at indeterminate pressure. In this case, there is no driving
force for garnet to deform. In addition, it is unlikely that mass diffusion
could result in filling the void space with either additional SiO2 or
components to make additional garnet. If new garnet were produced in
such void space, it would likely have a different composition than the
adjacent garnet an no such compositional heterogeneities have ever
been detected.

In summary, although it is possible that the QuiG barometer could
be reset to the peak metamorphic conditions, there is no direct evidence
that this has occurred and no mechanism has been proposed where this
is feasible. A possible resolution to this uncertainty is to find a sample in
which garnet has grown with quartz inclusions at low pressure and then
continued to grow during a second event at high pressure. If the garnet
core preserved the early, low pressure growth history this would
strongly support the robustness of QuiG. Additionally, experiments in
which this scenario was created in the lab could also verify that QuiG
maintains the pressure of garnet formation. In any case, this is a topic
worthy of future research.

8. Conclusions

The main conclusions of this work are these:

(a) The chemical zoning in garnet grown isothermally and isobarically
after overstepping is nearly identical to the chemical zoning cal-
culated along a P–T path under successive equilibrium conditions
(see also Spear, 2017).

(b) Calculations of P–T paths using intersecting garnet isopleths from
isothermally and isobarically grown garnet in which it is assumed
that garnet grew under equilibrium conditions will yield apparent,
but incorrect, paths characterized by loading with minor heating.

(c) Fe-Mg exchange geothermometry on garnet cores and rims yield
results consistent with the conditions of garnet growth.

(d) Garnet-plagioclase geobarometry using garnet+ plagioclase cores
and rims yields apparent, but incorrect, P–T paths characterized by
nearly isothermal loading.

These results suggest that many published studies in which P–T
paths have been inferred from garnet zoning assuming growth along
successive equilibrium stages need to be reevaluated. Key outstanding
questions revealed by this work include (a) the extent to which QuiG
barometry accurately records the conditions of garnet nucleation and
growth; (b) the accuracy of the thermodynamic data and activity
models used in calculations; (c) the appropriate governing equations to
use when a crystal grows after overstepping; and (d) the extent to which
the effective bulk composition varies over short distances during me-
tamorphic recrystallization and how this affects the compositions of the
reacting phases.
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