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Abstract
Overstepping of porphyroblast-forming reactions has been shown to occur in regional, contact, and 

subduction zone metamorphism, calling into question the paradigm that metamorphic mineral reactions 
occur at or very close to thermodynamic equilibrium. These overstepped reactions result from the fact 
that nucleation and growth of new phases requires a thermodynamic driving force or a “departure” 
from equilibrium. We use phase equilibria modeling to elucidate the energetic consequences of over-
stepped garnet nucleation and growth by comparing the chemical potentials of garnet-forming oxide 
components (MnO, CaO, FeO, MgO, Al2O3) in two sets of calculations: one in which Gibbs free energy 
is minimized and one in which the minimization proceeds under identical conditions but in the forced 
absence of garnet. We focus on 12 examples from the literature that have previously described garnet 
nucleation as minimally overstepped (garnet nucleation at the P-T of initial garnet stability) or garnet 
nucleation as more substantially overstepped (garnet nucleation at P-T conditions greater than initial 
garnet stability). For a small P-T interval above nominal garnet-in reactions, differences in the chemical 
potentials between the two calculations are commonly minimal. In all tested examples calculated using 
two versions of the THERMOCALC thermodynamic data set, the chemical potential of Al2O3 (μAl2O3) 
diverges between garnet-bearing and garnet-absent calculations at greater P-T conditions than that of 
MnO, CaO, FeO, and MgO. The P-T interval between thermodynamic garnet-in and the point at which 
μAl2O3 differs substantially between the two sets of calculations appears to be a function of bulk-rock 
MnO content, reemphasizing the role that small quantities of MnO play in the apparent stability of 
garnet in calculated phase equilibria. These results highlight the importance of considering multiple 
thermodynamic data sets, the location of the garnet-in curve, and the abundance of mineral phases in 
the discussion of overstepped metamorphic reactions. The results have implications for determining 
kinetic barriers to crystal nucleation and growth and considering the most appropriate way of defining 
“garnet-in” for samples that have experienced overstepping.
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Introduction
The equilibrium paradigm in metamorphic petrology in  

which minerals and fluids continually react with changing 
pressure (P) and temperature (T) to achieve the lowest pos-
sible Gibbs free energy configuration has resulted in many 
significant advances in our understanding of metamorphic and 
tectonic processes (e.g., Thompson 1957; Essene 1982; Spear 
and Selverstone 1983; Powell et al. 1998; Kerrick and Connolly 
2001; White and Powell 2002; Hacker et al. 2003). Within this 
paradigm, if the stability of a new phase would decrease the 
Gibbs free energy (G) of the system following a change in P 
and T conditions, the departure from equilibrium needed to 
form that new phase is considered to be negligible, and it will 
nucleate and grow without kinetic barriers. This assumption of 
equilibrium is consistent with the metamorphic facies principle 
(Eskola 1915, 1920), which led to the interpretation of evolving 

metamorphic conditions using natural mineral compositions 
and textural information, and facilitated the integration of 
metamorphic constraints within a tectonic framework. However, 
recent examples have highlighted rocks in which it appears that 
deviations from the equilibrium state may have been substantial 
(>50 °C and >1 kbar), (e.g., Dragovic et al. 2012; Spear et al. 
2014; Wolfe and Spear 2018).

Overstepped reactions, typically identified in the metamor-
phic rock record as cases in which the initial occurrence of a 
mineral appears to have been at P-T conditions significantly 
greater than its thermodynamically defined initial stability, 
have been well-documented (e.g., Ridley and Thompson 1986; 
Chernoff and Carlson 1997, 1999; Waters and Lovegrove 2002; 
Zeh and Holness 2003; Wilbur and Ague 2006; Pattison and Tin-
kham 2009; Pattison et al. 2011; Ague and Carlson 2013; Spear 
et al. 2014; Carlson et al. 2015a; Castro and Spear 2016; Spear 
and Wolfe 2018). An alternative observation of the persistence 
of phases such as chloritoid, garnet, and staurolite beyond the 
nominal P-T limit of their stability can also be made but is less 
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