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Abstract 

We have developed a new methodology for forward analysis of retrogressive hydration (rehydration) reactions by 
an improved thermodynamic forward modeling technique based on a differential thermodynamic approach (Gibbs’ 
method). Based on natural observations and theoretical considerations, the progress of a rehydration reaction is 
modeled by incorporating a change in the effective bulk composition on account of the breakdown of the non-
equilibrated phase and the amount of water infiltration into the system. Forward analyses of rehydration reactions 
under greenschist-facies conditions show that (1) the reaction progress of rehydration is proportional to the external 
water supply, and (2) the mineral compositions of equilibrated minerals are mainly controlled by P–T conditions and 
are similar to those in the global equilibrium model. Calculated results are in accordance with natural observations of 
rehydration reactions in greenschist-facies rocks, which supports the validity of the proposed model. The proposed 
model can be used as a basic forward model for various inversion analyses and numerical simulations and thus to 
understand the distribution and behavior of geofluids.
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Introduction
Retrogressive hydration metamorphism may be a key 
process for understanding the behavior and distribution 
of geofluids and various related geodynamic processes, 
such as water budgets, seismicity, and the exhumation of 
metamorphic belts. This is because retrogressive hydra-
tion (hereafter termed rehydration) may exert a major 
influence on geofluid fluxes and on physical and chemical 
rock properties (e.g., Andersen et al. 1991; Jamtveit et al. 
2000; Yardley 2009; Uno et al. 2014). Metamorphic rocks 
that have undergone rehydration offer unique and direct 
insights into geofluid behavior.

In recent studies, forward modeling methods, such as 
those used to generate pseudosections and in differential 
thermodynamic modeling, have proven useful because 
they can thermodynamically predict mineral modes and 

compositions for given P–T conditions and bulk compo-
sitions (e.g., Powell et al. 1998; Omori et al. 2002, 2009; 
Inui and Toriumi 2004; Connolly 2009; Capitani and 
Petrakakis 2010). For example, forward modeling meth-
ods can generally reproduce mineral assemblages and 
compositions of rocks subject to prograde or peak-stage 
metamorphism and have been successfully used to pre-
dict the depths at which dehydration reactions occur 
(e.g., Kerrick and Connolly 2001; Hacker et al. 2003).

On the other hand, a comparatively small number of 
these forward models have been able to model reactions 
that proceed during the retrograde stage of metamor-
phism, such as rehydration reactions (Stüwe 1997; Kohn 
and Spear 2000; Guiraud et  al. 2001; Wei and Clarke 
2011; Palin et  al. 2014). The limitations of the forward 
models are due to some important differences between 
the conditions and behavior of prograde dehydration and 
retrograde rehydration reactions, even though rehydra-
tion is simply a reverse dehydration reaction. Rehydra-
tion reactions commonly proceed heterogeneously in 
a non-equilibrium state (e.g., Brodie and Rutter 1985; 
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Plunder et al. 2012), whereas dehydration reactions occur 
under relatively homogeneous conditions in a perfect 
equilibrium state. As described in detail in the next sec-
tion, rehydration reactions are generally fluid-induced 
and occur via replacement of relict minerals by equili-
brated minerals (e.g., Andersen et  al. 1991; Imon et  al. 
2002; Ota et al. 2004; Okamoto and Toriumi 2005; Putnis 
2009; Putnis and Austrheim 2010; Centrella et al. 2015).

The purpose of this study is to develop a new method 
of forward analysis of retrogressive hydration reactions 
by improving the differential thermodynamic forward 
modeling approach (Inui and Toriumi 2004; Kuwatani 
et al. 2011; Spear 1993). In the formulation, mass-balance 
equations were modified to take into account the effect 
of non-equilibrated minerals and water supply. The main 
difference between the proposed method and previ-
ous equilibrium models of rehydration metamorphism, 
which depict P–T–M(H2O) diagrams (e.g., Guiraud et al. 
2001; Wei and Clarke 2011; Palin et al. 2014), is that our 
model can accommodate changes in effective bulk com-
positions, and not just as assumed input parameters. The 
changes in mineral modes and compositions can be esti-
mated for given P–T conditions and amounts of exter-
nal water infiltration, which is why our method can be 
regarded as an autonomous forward modeling approach.

Firstly, we describe how rehydration reactions pro-
ceed based on theoretical considerations (Guiraud et al. 
2001; Putnis 2009; Putnis and Austrheim 2010) and natu-
ral observations of metamorphic rocks (Andersen et  al. 
1991; Imon et al. 2002; Okamoto and Toriumi 2005; Yang 
2004; Centrella et al. 2015). Secondly, forward modeling 
of rehydration is formulated by applying the thermody-
namic forward modeling approach proposed by Kuwa-
tani et al. (2011). Thirdly, the forward modeling technique 
is applied to rehydration of high-grade greenschist rocks. 
Finally, we assess the validity and effectiveness of our 
forward modeling by comparing calculated results with 
the natural examples of Okamoto and Toriumi (2005). 
In addition, we discuss the role of geofluid behavior on 
rehydration metamorphism.

In this study, we focus on pure water (H2O) as a geo-
fluid and assume that the water activity equals 1. How-
ever, in order to understand the geofluid behavior in 
detail, other components, such as CO2 and NaCl, are also 
important. Although some extensions are required to 
deal with a multi-component fluid, the proposed model 
can serve as a basic framework for forward models.

Rehydration reactions
If a rock system is consistently and completely in equilib-
rium (hereafter termed as being in ‘global equilibrium’), 
the mineral assemblages, modes, and compositions will 
converge continuously toward an equilibrium state as 

P–T conditions change. In this case, no relict minerals 
are present in the system, which is at global equilibrium. 
However, real rock systems are mostly in various non-
equilibrium states, particularly during retrograde stages 
(when rehydration reactions generally occur), and in 
which intrinsically unstable minerals are often preserved 
as relict minerals. Subsequently, we refer to these unsta-
ble minerals, which include dissolving and metastable 
phases and phases not involved in reactions, as non-equi-
librium minerals.

One of the fundamental reasons for the prevalence of 
non-equilibrium conditions is considered to be related 
to the deficiency of water during the retrograde stage. 
Firstly, rehydration reactions generally require an exter-
nal supply of water or breakdown of hydrous minerals 
sufficient to produce low-temperature hydrous minerals 
(e.g., Yardley et  al. 2014; Vitale Brovarone and Beyssac 
2014; Palin et  al. 2014). Secondly, rehydration reactions 
are generally volume expanding, which slows down 
the external supply of water by closing preexisting fluid 
pathways, if external stress is absent (e.g., Okamoto and 
Shimizu 2015). Thirdly, the rates of reaction processes 
(e.g., intra-/intergrain diffusion, nucleation, and surface 
processes) are hindered by the deficiency of metamor-
phic fluids as well as being strongly controlled by temper-
ature (e.g., Rubie 1986; Austrheim 1987).

During the prograde stage, dehydration reactions may 
proceed spontaneously, because both the increase in 
temperature and the presence of H2O-saturated condi-
tions kinetically promote the progress of the reactions. 
Thus, equilibrium is easily attained relative to rehydra-
tion reactions, although it should be noted that there 
are some exceptions and that even prograde dehydra-
tion reactions can be induced by external fluids (e.g., 
Gao and Klemd 2001). In contrast, during the retrograde 
stage, both the decrease in temperature and the presence 
of H2O-undersaturated conditions kinetically hinder 
the progress of rehydration reactions, and thus, equilib-
rium is difficult to achieve (Stüwe 1997). When a rock is 
fluid-free, rehydration reactions never occur, unless free 
water is supplied externally or retrograde breakdown of 
hydrous minerals occurs, as hydrous minerals such as 
lawsonite and talc contain large amounts of water (Palin 
et al. 2014). This is because rehydration reactions gener-
ally require water to produce low-temperature hydrous 
minerals (e.g., Yardley et  al. 2014). Therefore, retrogres-
sive metamorphism is generally considered to be fluid-
induced (e.g., Andersen et al. 1991; Putnis and Austrheim 
2010), such that the driving forces of rehydration can be 
assumed to be water infiltration in addition to changes in 
temperature and pressure.

In retrogressed metamorphic rocks, many disequilib-
rium textures related to incomplete hydration reactions 
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are present, including partial pseudomorphic textures. 
From these textures, rehydration reactions are commonly 
considered to proceed under non-equilibrium condi-
tions with the decomposition or replacement of non-
equilibrium components, such as unstable minerals or 
the unstable portions of minerals that are components of 
stable mineral assemblages (e.g., Vernon 2004; Ota et al. 
2004; Okamoto and Toriumi 2005; Putnis 2009; Putnis 
and Austrheim 2010; Putnis and John 2010). For exam-
ple, higher-grade non-equilibrium minerals such as gar-
net, omphacite, and kyanite are decomposed to produce 
lower-grade minerals such as amphibole, plagioclase, and 
paragonite (e.g., Yang 2004).

The mechanism of replacement reactions generally 
involves coupling of dissolution and precipitation at the 
interfaces of non-equilibrated minerals (e.g., Imon et al. 
2002; Okamoto and Toriumi 2005; Putnis 2009; Put-
nis and Austrheim 2010; Centrella et  al. 2015). Figure 1 
shows a retrogressed mafic schist in a metamorphic rock 
from the Sanbagawa metamorphic belt in SW Japan. The 
Sanbagawa metamorphism is of the high-pressure inter-
mediate type (e.g., Miyashiro 1961) and considered to 
have formed by the subduction and exhumation of the 
Izanagi oceanic plate beneath eastern Asia (e.g., Wallis 
et al. 2009). A detailed petrological description is given in 
Additional file 1. By detailed microtextural observations 
and mass-balance calculations, Okamoto and Toriumi 
(2005) revealed that actinolite and lower-grade meta-
morphic minerals grow in association with congruent 
dissolution of core barroisite, which remained as a non-
equilibrated phase. In low-temperature metamorphic 
conditions, such replacement reactions generally proceed 
without changing the compositions of reactant minerals, 
which is known as congruent dissolution.

Formulation of the forward analysis
In a previous study (Kuwatani et  al. 2011), differential 
thermodynamic forward modeling of dehydration reac-
tions was formulated with the assumption of global 
equilibrium. In this study, the model is extended to ana-
lyze rehydration reactions. The proposed model is not 
a kinetic forward model but a practical forward model 
based on phase equilibrium and mass balance.

In differential thermodynamic forward modeling, three 
types of equations (i.e., those with thermodynamic equi-
librium, stoichiometric, and mass-balance constraints) 
are expressed in total differential form (Spear 1993). 
A thermodynamic system with a fixed bulk chemical 
composition is divariant, as specified by Duhem’s theo-
rem. Therefore, by applying a series of changes in pres-
sure dP and temperature dT as independent variables or 
model parameters as initial conditions, we can continu-
ously trace the chemical compositions of minerals dXs 

and mineral modes dMs as dependent variables and thus 
the progress (evolution) of metamorphic reactions along 
arbitrary P–T trajectories.

In the application of forward modeling to rehydration 
reactions, the various complexities that were described 
in the previous sections must be considered. In this 
study, the following two factors are considered to be 
the most important characteristics of rehydration reac-
tions and are incorporated into the forward modeling. 
The first is the dependency of reaction progress on the 
amount of available water. The second is the modification 
of the effective bulk composition by the decrease in the 
abundance of non-equilibrated minerals as the reaction 
proceeds. These effects do not directly affect the equi-
librium or the stoichiometric constraints, both of which 
involve only the compositions and modes of equilib-
rium minerals. Therefore, the equilibrium and stoichio-
metric constraints can be written in the same form as in 
the model for dehydration reactions [Eqs. (1) and (5) of 
Kuwatani et  al. (2011)]. Thus, the model of rehydration 

Amp,core

Amp,Mtl

Epi

Chl

Chl

Amp Epi

Chl

Amp

Epi

Epi
Chl

200 µm

Amp,Mtl

Amp,core

a

b

Fig. 1 a Microphotograph in plane polarized light and b X-ray map 
of Al concentrations showing the characteristics of retrogressed mafic 
schist in the Sanbagawa metamorphic belt. In amphibole grains 
(Amp), the Al-rich core (Amp, core) is barroisite, whereas the Al-poor 
mantle (Amp, Mtl) is actinolite. Microstructural observations indicate 
that actinolite and lower-grade metamorphic minerals such as 
epidote (Epi) and chlorite (Chl) grew at the expense of core barroisite, 
which is a non-equilibrated phase (Okamoto and Toriumi 2005) (for 
more details, see Additional file 1). Note: this X-ray map was kindly 
provided by Dr. A. Okamoto
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reactions only requires modification of the mass-balance 
equations.

Firstly, the system is assumed to be partially open only 
for the H2O component, and we assume that the amount 
of water infiltration dmH2O is an input parameter. In 
Kuwatani et  al. (2011), dMWater was used as an output-
dependent parameter to monitor the amount of water 
production by dehydration reactions. In this study, we 
assume that the free water that infiltrates the system is 
immediately fixed within equilibrated hydrous miner-
als, such that dMWater = 0, which results in the amount 
of water always being zero (MWater = 0). In other words, 
dmH2O is regarded as the amount of water consumption 
by rehydration reactions. This assumption is considered 
to be valid with respect to retrograde metamorphism 
according to previous kinetic experiments (Yardley et al. 
2014) and natural observations, as discussed above.

The value of dmH2O is given as a new independent vari-
able, in addition to dP and dT, to investigate the effects 
of external water infiltration into the system on the pro-
gress of the rehydration reactions. The introduction of a 
given amount of water into the system in the thermody-
namic calculations has already been studied in previous 
research Guiraud et al. (2001), Palin et al. (2014), Wei and 
Clarke (2011) that depict the process on P−T−MH2O 
pseudosection diagrams.

Secondly, we add the total amount of non-equilibrium 
minerals (dMNE) as a dependent variable, in order to 
consider the existence of relict non-equilibrated phases 
and their effects on the effective bulk composition. For 
equilibrated minerals, the mass-balance equations are 
the same as those used in previous dehydration mod-
els. Stüwe (1997) considered changes in the effective 
bulk composition, which was derived from slow dif-
fusion due to cooling in the retrograde stage. In our 
study, congruent dissolution is assumed in the decrease 
in non-equilibrium minerals, such that compositions 
of non-equilibrated minerals are set to be constant. For 
component i, the modified mass-balance equations can 
be written as

where nph is the number of equilibrium phases, npck is 
the number of phase components in every mineral phase 
k, nki,j is the number of moles of system component i in 
one mole of each phase component j, dmi, dMk, and dXk

j  

(1)

dmi =

nph∑

k=1

Mk

npck∑

j=1

nki,jdX
k
j +

nph∑

k=1

dMk

npck∑

j=1

nki,jX
k
j

+ dMNE

npcNE∑

j=1

nNE
i,j X

NE
j ,

are molar changes in system component i and of phase k, 
and the change in mole fraction of component j in phase 
k, respectively. The superscript ‘NE’ denotes a non-equi-
librium mineral, a set of non-equilibrium minerals, or the 
non-equilibrium parts of minerals.

The first and second terms for equilibrated minerals 
in the right-hand side of Eq.  1 are of the same form as 
those used for the modeling of dehydration. These terms 
describe a case in which each phase has a homogeneous 
composition at every stage, and the composition varies 
according to external conditions (P, T, etc.). On the other 
hand, the last term indicates the change in the effective 
bulk composition of the system due to the reduction in 
the non-equilibrium part. The term for dXNE in the equa-
tion is absent, as the compositions of the non-equilibrium 
part are assumed to be constant. The above mass-balance 
equations indicate that decomposition of relict miner-
als changes the effective bulk composition and provides 
materials for growing equilibrium minerals (Fig. 2).

Under the assumption of a closed system other than 
for the H2O component as dmi = 0(i �= H2O), the sys-
tem of equations for the forward modeling still remains 
solvable, if the compositions of non-equilibrium parts 
are known. This is because the additional degree of free-
dom associated with the dependent variable and the total 
amount of non-equilibrium mineral (dMNE) is compen-
sated for by the additional input parameter, which is the 
amount of infiltrated water dmH2O. Thus, in this model, 
we can simulate the reduction in the non-equilibrated 
part (relict minerals and interior parts of zoned miner-
als) and the growth of equilibrated minerals in response 
to dmH2O, dP, and dT during retrograde metamorphism. 
The proposed model can also be applied to open-system 
behavior. By inputting the amount of material transfer for 
each component dmi, the mineral modes and composi-
tions can be specified in the same way as in a closed sys-
tem. Open-system behavior is important, particularly for 
rehydration metamorphism, and it should be investigated 
in future studies to facilitate an understanding of geofluid 
distribution and behavior.

Application to actinolite‑forming reactions 
under greenschist‑facies conditions
To understand how rehydration reactions proceed in 
natural systems, assess the role of geofluid infiltration 
in rehydration metamorphism, and check the validity 
of our model, we simulated rehydration of a high-grade 
greenschist rock under greenschist-facies conditions. 
The greenschist-facies occupies a wide range of crus-
tal P–T conditions and is well suited for understanding 
the role of geofluid infiltration on rehydration metamor-
phism. In addition, we have already modeled dehydration 
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reactions in greenschist-facies rocks (Kuwatani et  al. 
2011). Therefore, our models are well suited for exam-
ining greenschist-facies conditions and the differences 
between dehydration and rehydration processes. We can 
also compare our numerical results with those of natu-
ral metamorphic rocks, as described in Okamoto and 
Toriumi (2005).

Formulation
In the forward model for prograde dehydration reactions 
(Kuwatani et  al. 2011), the system is assumed to con-
sist of amphibole + epidote + chlorite + plagioclase + 
quartz + water in the system of Na2O–CaO–MgO–FeO–
Fe2O3–Al2O3–SiO2–H2O according to Okamoto and 
Toriumi (2001, 2004). Within greenschist-facies rocks, it 
is assumed that the amounts of minor minerals, such as 
mica and titanite, are relatively small as compared with 
the assumed amounts of the main constituent minerals 
(e.g., Hacker et al. 2003; Okamoto and Toriumi 2005).

In this rehydration model, amphiboles are classified 
into two components according to field observations 
of the Sanbagawa metabasalts (Okamoto and Toriumi 
2005), such that the system is assumed to consist of man-
tle amphibole + core amphibole + epidote + chlorite + 
plagioclase + quartz + water in the system Na2O–CaO–
MgO–FeO–Fe2O3–Al2O3–SiO2–H2O. Mantle amphibole 
grows during retrogressive metamorphism and has equi-
librium compositions, whereas core amphibole is a relict 
phase and has non-equilibrium compositions (Fig. 1). In 
this case, core amphibole that has the original composi-
tion prior to rehydration metamorphism is considered as 
the ‘non-equilibrium mineral’ in the model.

In a closed system, the mass-balance equation for com-
ponent i can be written as:

where MAmp,Mtl is the molar amount of amphibole that 
has the equilibrium composition XAmp,Mtl

j  and dMAmp,core 
is the change in the molar amount of amphibole that has 
the constant non-equilibrium composition XAmp,core

j .
We can simulate the growth of equilibrated minerals, 

such as low-grade amphibole, epidote, chlorite, plagio-
clase, and quartz, and the decomposition of the original 
high-grade amphibole, according to changes in dT, dP, 
and the amount of water infiltration dmH2O, under the 
assumption of a closed system for other components as 
dmi(�=H2O) = 0. In this study, we calculated changes in 
the mineral modes and compositions for the following 
four representative cases, as presented in Fig. 3.

To evaluate reaction progress corresponding to P–T 
changes, we conducted calculations along the retrograde 
P–T path from 500 °C and 1.0 GPa for the following two 
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Fig. 2 Conceptual schematic of the mass-balance equations, includ-
ing the non-equilibrium phase (Eq. 1). The first and second terms on 
the right-hand side of Eq. 1 indicate the compositional and modal 
changes, respectively, of the equilibrated minerals. The third term 
on the right-hand side of the equation indicates the modal changes 
caused by congruent dissolution of non-equilibrated minerals

3.
75 3.
0

2.
50

2.
00

250 300 350 400 450 500 550
0

0.2

0.4

0.6

0.8

1.0

1.2

Am
ph

ib
ol
ite

Blueschist

GreenschistP
 (G

P
a)

T (°C)

(wt%)

3.
5

Case I: Water excess
Case II: Water deficit

Cases III, IV: P-T condition

Case III: Original rock

Case IV: Original rock
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The equilibrated condition of the original rocks was set to 500 °C and 
1.0 GPa for case III and 400 °C and 0.8 GPa for case IV. The P–T diagram 
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end-member cases. For case I, water infiltration dmH2O 
is assumed to be sufficient to satisfy the condition that 
water is always an excess phase (dMwater ≥ 0). For case 
II, dmH2O is assumed to be close to zero (dmH2O ≃ 0),  
which represents the case in which water is deficient 
in the system. However, we allowed a small amount 
of water infiltration to avoid the impossible situation 
that the growth of mantle amphibole is less than zero 
(dMAmp,Mtl ≤ 0). As a result, the obtained dmH2O is less 
than 1% of water infiltration, which is required for water 
excess and that satisfies the condition that water is defi-
cient (dmH2O ≃ 0 ).

To evaluate reaction progress corresponding to the 
amount of water infiltration, we conducted calculations 
with increasing amounts of water infiltration at constant 
P–T condition of 300 °C and 0.2  GPa. Two cases were 
considered to assess the effect of the initial setting. In 
case III, the initial rock was assumed to be in an equili-
brated condition at 500  °C and 1.0  GPa. In case IV, the 
initial rock was assumed to be at 400 °C and 0.8 GPa.

Whole-rock compositions are based on those of natural 
greenschists with MORB-like compositions (Hacker et al. 
2003) and a mineral assemblage of amphibole + epidote 
+ chlorite + plagioclase + quartz + water. Detailed 
information is given in Additional file 1. The initial min-
eral composition and the mole fractions at 500  °C and 
1.0 GPa and at 400 °C and 0.8 GPa were taken from the 
calculated results of Kuwatani et al. (2011). The composi-
tions of original amphiboles at 500 °C and 1.0 GPa and at 
400  °C and 0.8 GPa are barroisite and winchite, respec-
tively. The thermodynamic parameters used in the calcu-
lations are also those specified in Kuwatani et al. (2011), 
based mainly on Holland and Powell (1998). It should be 
noted that the proposed model does not use enthalpy 
data sets, which are considered to contain large errors, 
because our model is based on the differential thermody-
namic approach (Gibbs’ method) (Spear 1993).

Results
Figure  4a, b illustrates the modal and compositional 
changes in equilibrated mantle amphibole along the 
applied P–T path for the two end-member cases I and II, 
respectively. In case I, core amphibole with a barroisite 
composition completely breaks down under all P–T con-
ditions, except for the initial conditions, and low-grade 
minerals, such as mantle amphibole, epidote, chlorite, 
and plagioclase, grow at the expense of the core amphi-
bole. The composition of mantle amphibole is barroisite 
at temperatures greater than 400  °C, and hornblende to 
actinolite at temperatures less than 400 °C. The mineral 
modes and compositions at each P–T condition are iden-
tical to those observed in the forward modeling calcu-
lations for dehydration in Kuwatani et  al. (2011), which 

indicates global equilibrium conditions, and that rehy-
dration processes are identical to dehydration processes 
if water infiltration creates conditions of water excess, 
such that we can ignore kinetic effects.

In case II, on the other hand, mineral modes remain 
unchanged, despite changes in P–T conditions. Decom-
position of core amphibole is minimal and results in little 
growth of mantle amphibole or other low-grade miner-
als. Although mineral modes remain unchanged, the 
compositions of equilibrated minerals change with the 
P–T conditions, in a similar fashion as observed in case I. 
Thus, exchange reactions occur, whereas no net transfer 
reactions occur under conditions of water deficit.

Figure  4c, d illustrates the modal and compositional 
changes in equilibrated mantle amphibole under constant 
P–T conditions (300 °C and 0.2 GPa) for cases III and IV, 
respectively. For both cases, core amphibole decreases, 
and mantle amphibole, epidote, chlorite, and plagioclase 
increase in proportion to the water supply (dmH2O). This 
indicates that core amphibole is consumed to produce 
mantle amphibole and other low-temperature minerals, 
and the extent of net transfer in the reaction is in propor-
tion to the water supply. The compositions of the equili-
brated minerals vary slightly according to changes in the 
amount of water, but are approximately the same as those 
observed in the forward analyses of dehydration reac-
tions in every case. In case III, in which the initial rock is 
equilibrated at higher temperatures (500 °C and 1.0 GPa), 
the amount of water infiltration required to consume all 
of the core amphibole is approximately 1.9 mol per 1000 
cm3 of rock. The obtained stoichiometric relation of the 
rehydration reaction is:

In case IV, where the initial temperature is lower (400 °C 
and 0.8 GPa), the amount of water infiltration required to 
consume all of the core amphibole is approximately 0.16 
mol per 1000  cm3 of rock. The obtained stoichiometric 
relation is:

The large discrepancy in the amount of water infiltra-
tion required to consume all of the core amphibole in the 
high-temperature versus low-temperature original rocks 
is directly related to the difference in the initial amount 
of water, as the equilibrated amount of water fixed in the 
minerals is the same as that in the final state (300 °C and 
0.2 GPa). The difference between the stoichiometric rela-
tions shows that a larger amount of water is required to 

(3)

1Barroisite+ 0.81Quartz+ 1.27H2O

−→ 0.22Actinolite+ 0.58Epidote

+ 0.44Chlorite+ 0.77Plagioclase.

(4)

1Winchite+ 0.02Epidote+ 0.37Quartz+ 0.25H2O

−→ 0.73Actinolite+ 0.13Chlorite+ 0.65Plagioclase.
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consume the same amount of core amphibole in case III 
than in case IV, because decomposition reactions of high-
temperature core amphibole produce larger amounts of 
epidote and chlorite than is observed in the decomposi-
tion of low-temperature core amphibole.

Discussion
The proposed model can be regarded as an autonomous 
(self-contained) forward model that can predict how the 
system changes in response to changes in external con-
ditions, because there is no need to assume changes in 
effective bulk compositions, as required in previous stud-
ies (e.g., Guiraud et al. 2001; Wei and Clarke 2011; Palin 
et al. 2014). The proposed model can predict the changes 
in mineral modes and compositions, including effective 
bulk compositions according to P–T changes and the 
amount of water infiltration.

However, care should be taken that the condi-
tions applied are those of actual metamorphic sys-
tems. The proposed method is based on a differential 

thermodynamic approach (Gibbs’ method) that cannot 
predict the appearance of new phases. Thus, the appli-
cation is limited to P–T conditions at which we can 
assume that no additional phases are appearing, or that 
the molar amounts of newly appearing phases are small. 
These assumptions should be carefully checked by multi-
equilibrium modeling (e.g., Connolly 2009; Capitani and 
Petrakakis 2010) or by observations of natural systems. 
For the development of a unified treatment that incorpo-
rates broad P–T ranges and various bulk rock composi-
tions, the incorporation of the proposed modeling with 
multi-equilibrium models would be required.

Our formulation corresponds approximately to the 
mass-balance calculations in Okamoto and Toriumi 
(2005). In their formulation, only mass-balance equations 
are solved to obtain the extent of actinolite-forming reac-
tions and the amount of rehydration, dmH2O, by using 
mineral modes and the compositions of natural samples. 
However, our forward model employs equilibrium, stoi-
chiometric, and mass-balance constraints to specify the 
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rehydration reactions and the extent of the reactions 
according to changes in temperature, pressure, and water 
infiltration. The obtained stoichiometric relations for 
higher temperature original rock conditions (Eqs.  3,  4) 
are broadly in accordance with the conditions of actino-
lite-forming reactions in high- and low-grade zones in 
the Sanbagawa metamorphic rocks, as obtained by Oka-
moto and Toriumi (2005). This coincidence of numerical 
results and field observations supports the validity and 
effectiveness of our forward model.

In Okamoto and Toriumi (2005), parameter Yact, which 
is defined as the volume fraction of actinolite to the total 
volume of amphibole, was introduced to evaluate the 
progress of the rehydration reactions in each sample of 
mafic schist. In this study, Yact can also be calculated in 
terms of the amount of core amphibole (MAmp,core) and 
mantle amphibole (dMAmp,Mtl) for the conditions at 
300 °C and 0.2 GPa, as:

Figure  5 illustrates the relationship between the calcu-
lated parameter Yact and the amount of water infiltration 
dmH2O for cases III and IV. The parameter Yact increases 
continuously as a function of the amount of water infil-
tration and thus the extent of rehydration. The proposed 
forward analyses provide a theoretical grounding for the 
proposition by Okamoto and Toriumi (2005) that Yact can 
be used as an indicator of the extent of rehydration and 
amount of water infiltration.

(5)Yact =
MAmp,Mtl

MAmp,core +MAmp,Mtl
.

In this study, as well as Okamoto and Toriumi (2005), 
we assumed two distinct types of amphiboles, which 
are mantle amphibole that always has equilibrium com-
positions and core amphibole that has constant original 
non-equilibrium compositions. Such an assumption can 
only be a first-order approximation, given that miner-
als show remarkable continuous growth zoning dur-
ing retrogression, which indicates that both equilibrium 
and non-equilibrium compositions have permanently 
changed. For a more precise analysis, we can improve the 
mass-balance equations, Eqs. (1) or (2), by incorporating 
the effects of fractional crystallization and compositional 
heterogeneity of non-equilibrium minerals.

The main results of our forward analyses of rehydration 
reactions show that changes in mineral compositions are 
mainly controlled by pressure and temperature, whereas 
changes in mineral modes are controlled by the amount 
of water infiltration. Even if the system contains large 
amounts of non-equilibrium phases, the equilibrated 
minerals have similar compositions as in the case of the 
usual global equilibrium model. The extent of net transfer 
in the reactions is proportional to the amount of water 
infiltration. This suggests that retrogressive hydration 
reactions require water infiltration to the system from 
external sources, as the porosity is generally considered 
to be small such that the rock contains little water.

These results indicate that high-grade metamorphic 
rocks are preserved if geofluids have not infiltrated into 
the system (e.g., Whitney and Davis, 2006; Vitale Bro-
varone et al. 2011). Retrogression of high-grade metamor-
phic rocks is localized to just around the system where 
geofluids can be sufficiently supplied. In contrast, a large 
amount of pervasive geofluid infiltration during retrograde 
stages eliminates the evidence of higher-grade peak stages. 
Recently published precise reconstructions of P–T paths 
and detailed analyses of metamorphic textures show that 
some regional metamorphic rocks, including the Sanba-
gawa metamorphic belt, have undergone pervasive retro-
gressive hydration metamorphism during exhumation (e.g., 
Ota et  al. 2004; Okamoto and Toriumi 2005; Maruyama 
et  al. 2010). Our calculations theoretically support these 
observations and suggest that the existence and behavior 
of geofluids significantly affect the progress of retrogres-
sive hydration metamorphism. Conversely, the progress of 
hydration reactions is a possible indicator of the existence 
and behavior of geofluids, as shown by the proposed for-
ward model.

The proposed forward modeling can be used for inver-
sion problems that estimate the water infiltration and 
P–T conditions from bulk mineral compositions and 
changes in mineral modes and compositions. By incor-
porating the proposed forward modeling into a Bayesian 
inversion framework (Kuwatani et  al. 2012), one could 
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estimate temporal changes in the geofluid flux from 
mineral compositional zoning. Therefore, our proposed 
method is a potentially powerful tool for understand-
ing the temporal and spatial evolution of the behavior of 
geofluids.

Conclusions
We have developed a new methodology for forward anal-
ysis of retrogressive rehydration reactions by improving 
the differential thermodynamic method (Spear 1993). 
The model includes changes in effective bulk composi-
tions due to decomposition of non-equilibrated minerals 
and in the external water supply. Results of the forward 
analyses indicate that changes in mineral compositions 
are mainly controlled by pressure and temperature, 
whereas changes in mineral modes are controlled by the 
amount of water infiltration. In addition, the extent of 
rehydration reactions is proportional to the water supply, 
and thus, rehydration reactions do not proceed without 
a water supply. The numerical results are consistent with 
observations of natural examples of retrograde green-
schist-facies rocks, which supports the validity and effec-
tiveness of the proposed forward model.
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