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Abstract 

Mineralogical reactions which generate or consume fluids play a key role during fluid 
flow in porous media. Such reactions are linked to changes in density, porosity, 
permeability and fluid pressure which influence fluid flow and rock deformation. To 
understand such a coupled system equations were derived from mass conservation and 
local thermodynamic equilibrium. The presented mass conservative modelling approach 
describes the relationships between evolving fluid pressure, porosity, fluid and solid 
density, and devolatilization reactions in multi-component systems with solid solutions. 
This first step serves as a framework for future models including aqueous speciation and 
transport. The complexity of univariant and multi-variant reactions is treated by 
calculating look-up tables from thermodynamic equilibrium calculations. Simplified cases 
were also investigated to understand previously studied formulations. For non-deforming 
systems or systems divided into phases of constant density the equations can be 
reduced to porosity wave equations with addition of a reactive term taking the volume 
change of reaction into account. For closed systems an expression for the volume 
change of reaction and the associated pressure increase can be obtained. The key 
equations were solved numerically for the case of devolatilization of three different rock 
types that may enter a subduction zone. Reactions with positive Clapeyron slope lead to 
increase in porosity and permeability with decreasing fluid pressure resulting in sharp 
fluid pressure gradients around a negative pressure anomaly. The opposite trend is 
obtained for reactions having a negative Clapeyron slope during which sharp fluid 
pressure gradients were only generated around a positive pressure anomaly. Coupling of 
reaction with elastic deformation induces a more efficient fluid flow for reactions with 
negative Clapeyron slope than for reactions with positive Clapeyron slope. 

1 Introduction 

Fluids in the Earth’s lithosphere enhance mineral reaction and melting, facilitate 

mass transport and change bulk physical rock properties such as density and 

rheology. Therefore a variety of formulation and numerical models have been 

developed to simulate reactive transport in a porous medium from the micro to 
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the kilometer scale with applications to fundamental geological processes (e.g. 

metamorphic reactions) as well as to societal problems (e.g. CO
2

 capture and 

storage) [Steefel et al., 2005]. 

Provided that an interconnected network of pores exists that results in sufficiently 

permeable rock, fluid will flow due to gradients in fluid pressure. The generation 

of fluid pressure gradients and porosity variations may result from rock 

deformation (such as compaction), it may be a result of volume change during 

chemical reactions or volume changes due to thermal processes for example in 

contact aureoles [e.g. Connolly, 1997; Aarnes et al., 2012; Putnis and 

Putnis, 2007]. 

For metamorphic reactions a series of local equilibrium models developed 

starting with the work of Korzhinskii [1970] and Thompson [1970]. These models 

were dealing mainly with mass transport of elements by diffusion and advection 

due to fluid flow and the development of metasomatic zones. Hofmann [1972] 

exploited the chromatographic theory for infiltration metasomatism to show how 

sharp fronts developed due to the particular shape of the relation between solid 

concentration and fluid concentration (called the isotherm), with application to 

feldspar. The model used assumptions of constant small porosity and isobaric 

conditions. Frantz and Mao [1976] developed a metasomatic model which could 

be used to quantify the widths and growth speeds of metasomatic reaction 

zones. They showed that in case the system is characterized by steady state 

concentration gradients, these could be used to predict zone width and growth 

speed. To arrive at this they assumed that porosity was constant and small, so 

that change of concentration is mainly due to change in the solid concentration 

due to reaction. Additionally, they assumed growth of zones took place at 

constant pressure. Guy [1993] and Sedqui and Guy [2001] revised the 

Korzhinskii’s theory of metasomatism with a more rigorous mathematical 

treatment identifying the development of metasomatic zones either as sharp 

shock waves or as spreading waves. An essential feature of these metasomatic 
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models is the prediction of sharp metasomatic fronts due to the mass transport of 

major elements and local equilibrium assumptions between fluid and solid. The 

chromatographic theory was also successfully used for understanding trace 

element partitioning between melt and rock [Navon and Stolper, 1987]. At the 

regional scale, mass transport was quantitatively constrained by Baumgartner 

and Ferry [1991] who derived an equation for determining the direction and the 

amount of fluid fluxes during metamorphism. 

Major progress has been made in reactive transport modelling motivated by the 

need to predict subsurface contamination and evaluate safety of nuclear waste 

disposal [Lichtner et al., 1987; Lichtner and Carey, 2006; Lichtner and 

Kang, 2007; Xu et al., 2006]. These models included chemical reactions and 

kinetics, porosity evolution caused by volume changes during reaction, advective 

and diffusive transport, whereas they did not treat the mechanics of rock 

deformation. However, reaction-induced deformations have been shown to 

modify the hydraulic properties by generating fluid pathways such as fractures 

[Fletcher and Merino, 2001; Scherer, 2004; Jamtveit et al., 2009; Plümper 

et al., 2012]. 

Purely mechanical models with more complex rheology have been developed to 

model dynamic porosity and fluid flow in compacting rocks 

[McKenzie, 1984; Connolly and 

Podladchikov, 1998, 2007, 2013, 2015; Connolly, 2010; Keller et al., 2013]. 

These models take into account the compressibility of solid and fluid and show 

the development of solitary porosity waves due to buoyancy effects. Although 

these models do not consider chemical reactions progress has been made in 

understanding blob-like porosity waves [Wiggins and Spiegelman, 1995] versus 

channel-shaped porosity perturbations [Connolly and Podladchikov, 1998]. 

Connolly [1997] developed a numerical model coupling devolatilization reactions 

with mechanical compaction and heat flow. The model predicts the porosity and 
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fluid pressure evolution initiated by a devolatilization reaction which in turn are 

coupled through temperature by ΔG. Similarly, Balashov and Yardley [1998] 

proposed a model to simulate fluid flow coupled to mechanical compaction and 

volume change of reactions. Spiegelman et al. [2001], Hesse et al. [2011] and 

Liang et al. [2011] also consider the influence of reaction on deformation to 

investigate magma generation at mid-ocean ridges. In these models, the authors 

selected reactions which are the most representative of the system and used a 

kinetic law with a dependence on the distance from the equilibrium to estimate 

the rate of fluid release from the rock. Recently, Wilson et al. [2014] used a 

purely thermodynamic approach with pseudosections to estimate the amount of 

fluid released from a slab when progressing in the P-T space during subduction. 

This amount was then used to predict porosity and compaction pressure changes 

due to reactions. 

In addition to the aforementioned assumptions of constant porosity in some 

models, lack of chemical reactions in others, assumption of preexisting 

background porosity, in most of the reactive fluid-flow models the density of the 

solid is assumed to be constant [Katz et al., 2007]. However, it is known to vary 

by more than 30 % in subduction zones due to dehydration reactions 

[Hacker, 2003]. This dehydration-induced densification is known to have 

consequences on geodynamics and numerical models with compressible rocks 

have to be developed [Hetényi et al., 2011; Hetényi, 2014]. 

Fluid pressure variations induced by volume changes of reaction can influence 

the extent of reaction [e.g. Aarnes et al., 2012]. Some models have already 

included these effects [Connolly, 1997] whereas others have used simplications 

such as using lithostatic pressure to compute stable phase assemblage in each 

local equilibrium domain [Duesterhoeft et al., 2014; Tirone et al., 2009]. As 

already theoretically demonstrated by Bruton and Helgeson [1983], used by 

Dahlen [1992] and confirmed by field data [Holdaway and Goodge, 1990] and 

experiments [Llana-Fúnez et al., 2012], it is the fluid pressure that determines 
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stable phases and composition in each local equilibrium domain. Therefore a 

consistent treatment of the thermodynamic part of the model requires the use of 

the fluid pressure. 

Here, we present the theoretical development of a reactive-fluid flow modelling 

approach founded on mass conservation and local thermodynamic equilibrium. 

The new approach (1) treats dynamic porosity and evolution of densities due to 

reactions and deformation; (2) includes full compressibility of rock, minerals, and 

fluid; (3) uses variable fluid pressure in calculating local equilibrium. Reactions 

are computed based on Gibbs minimization allowing for any possible reaction 

and includes solid solutions. The focus here is on coupling changes in densities 

and porosity to evolution of fluid pressure for devolatilization reactions at 

constant temperature and system composition. The main coupling effect in this 

reactive fluid flow approach is achieved through fluid pressure which controls the 

local reactions by its evolution during flow. In general, solid components may 

dissolve as aqueous species into the fluid and be transported by diffusion and 

advection in the fluid. This transport is not considered here since dissolved solid 

components generally represent a small proportion of the total system. Current 

progress in modelling aqueous fluid speciation for metamorphic rocks suggests 

that small concentrations of components in the fluid do not significantly alter the 

phase diagrams [Galvez et al., 2015]. This fact suggests a two stage approach 

for the local thermodynamic equilibrium calculations. First, compute the 

equilibrium assemblage of solid phases and their chemical potentials in 

equilibrium with pure fluid. Second, compute the aqueous species in equilibrium 

with solids obtained in the first step (see [Galvez et al., 2015] for more details). 

Only the first step is considered in this contribution. Therefore only the main 

effect of reactions on density, fluid pressure, and porosity changes is captured by 

the approach presented here without considering transport of dissolved solids in 

the fluid. Even if solubilities of the solids in a fluid is small, maintenance of high 

fluid flux over extended periods of time can lead to significant change in the local 

bulk composition, that may significantly change the local reactions. Although not 
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taken into account here the approach is extendable to include element 

partitioning between fluid and solid, bulk rock compositional changes by diffusion 

and advection, and temperature changes. Any of these extensions would require 

extensive benchmarking of the first step coupling thermodynamic calculations 

that predict solids in equilibrium with pure fluid to the fluid flow and deformation. 

In the following, the derivation of the equations is presented and explored using 

simplifying assumptions. It is demonstrated that the derived equations are 

numerically solvable. A solution to the system of equations for chemical systems 

with different properties can be generally non-intuitive. Therefore the main aim is 

to simply present the solution for three different rock types with different 

Clapeyron slopes. This will then provide the basis to improve the understanding 

of the physics of the models and can be used as initial benchmarks for more 

complex models. 

2 Model formulation 

In this contribution, we consider time scales long enough to establish local 

thermodynamic equilibrium and thermal equilibration at scales ranging from 

microscopic to typical outcrop dimensions. 

2.1 Mass conservation 

During deep crustal metamorphism or near-surface alteration, fluids can be 

incorporated or released from the rock during the formation or the breakdown of 

volatile-bearing minerals. Aqueous species in the fluid are not considered here 

and neither are diffusion and advection of components in fluid and solid. 

Therefore, both the total amount of volatile species (as free fluid and as volatile 

species bound to minerals) and the total amount of non-volatile species (such as 

Si, Mg, Al, Fe) are conserved. Mass conservation of the total system is 

expressed as: 

( )( )
( )( )

1
· 1 0

f s

f f s s
v v

t

ρ φ ρ φ
ρ φ ρ φ

∂ + −
+ ∇ + − =

∂

��� ��

 (1) 
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where φ , ρ, v
�

 are the porosity (volume fraction of fluid), the density and the 

velocity, respectively. Subscripts f for fluid and s for solid are used where 

needed. An overview of all notations is given in Table 1. 

Mass of the non-volatile species is conserved as well: 

( ) ( )( )
( ) ( )( )

1 1
· 1 1 0

s s

s s s

X
X v

t

ρ φ
ρ φ

∂ − −
+ ∇ − − =

∂

��

 (2) 

where X
s

 is the mass fraction of fluid in solid. 

Equations (1) and (2) can be re-arranged (see Appendix A) by replacing partial 

time derivatives by material derivatives ( ·
s

d
v

dt t

∂
= + ∇

∂

��

 and 

( )( )1 ·t

f s

d
v v

dt t
φ φ

∂
= + + − ∇

∂

��� ��

): 

( ) ( )
log1

· · 0
t fn

s f s

f

ddR
v v v

dt dt

ρφ ρ
φ

ρ

−
+ + ∇ + ∇ − =

�� ��� ��

 (3) 

( )
log1

·
1

n

s

dd
v

dt dt

ρφ

φ
= + ∇

−

��

 (4) 

where two shorthand notations have been introduced for two thermodynamically 

constrained quantities, the density of the non-volatile species: 

( )1n s sXρ ρ= −  (5) 

and the density ratio: 

s f

n

R
ρ ρ

ρ

−
=  (6) 

In Equations (3) and (4), fluid flux and solid deformation are related to 

thermodynamic changes. These changes are due to two contributions: fluid and 
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the solid compressibilities, and reactions which modify fluid and solid densities, 

porosity and the amount of chemically bound fluid in the solid. 

2.2 Conservation of momentum 

Conservation of fluid momentum is expressed by the Darcy’s law: 

( ) ( )
3

0

f s f f z

f

k
v v P ge

φ
φ ρ

µ
− = − ∇ +

��� �� ��

 (7) 

where the permeability is related to the porosity through a constant background 

permeability, k
0

, times the porosity to the exponent 3, μ
f

 is the fluid viscosity and 

P
f

 the fluid pressure. 

Conservation of total momentum (porous solid and fluid) assuming negligible 

shear stresses is given by: 

( )( 1 )f s zP geφρ φ ρ∇ = − + −
��

 (8) 

with P  the total pressure. 

2.3 Rheology 

In the following, we use a visco-elastic rheology for the compaction rate (see 

details in Yarushina and Podladchikov [2015]): 

( )
( )

·
1

f f

s d d s

dP P PdP
v

dt dt φ

β β β
φ η

′
−

∇ = − + − −
−

��

 (9) 

where β
d

, 
s

β ′  and φη  are respectively, the drained compressibility, the solid 

compressibility measured in an unjacketed test, and the pore viscosity. 

3 General closed system of equations 

Using Equations (7) and (9) to eliminate divergences of Darcian fluid flux and 

solid velocity from Equations (3) and (4) results in: 
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( ) ( ) ( ) ( )

3

0
log1

·
1

t f f fn

d s f f z d

f f

d dP P PkdR dP
P ge

dt dt dt dt φ

ρφ ρ φ
β β ρ β

ρ µ φ η
′

−−
+ + − = ∇ ∇ + + +

−

��

 (10) 

( )
( ) ( )

( )
log1

1 1

f fn

d d s

dP P Pdd dP

dt dt dt dt φ

ρφ
β β β

φ φ η
′

−
= − + − −

− −
 (11) 

Equations (10) and (11) together with Equation (8) form a system of three 

equations for six unknowns (φ , P
f

, P , ρ
f

, ρ
n

, and R) under simplifying 

assumption 
d

dt t

∂
=

∂
. Equilibrium thermodynamics is used to obtain three 

additional equations for ρ
f

, ρ
n

, and R as a function of P
f

 to close the system of 

equations. These three functions are tabulated as equations of state-type 

dependence on state variables pressure, temperature and composition of the 

solid in equilibrium with a free fluid phase. In contrast, the fluid volume fraction 

(porosity) can not be precomputed for a system open for fluid flow, since the 

amount of free fluid in excess of the saturation is not thermodynamically 

constrained. Hence, Equation (11) that combines mass balance and rheology 

becomes the evolution equation for porosity. The time derivatives of porosity 

were eliminated from Equations (3) and (10). The two remaining time derivatives 

of thermodynamically constrained ρ
f

 and R can be related to the fluid pressure 

time derivative leading to a parabolic equation for fluid pressure, P
f

 (see below). 

Finally, total pressure, P , is obtained by depth integrating Equation (8). 

The thermodynamically constrained ρ
f

, ρ
n

, and R were obtained from 

thermodynamic calculations performed with Gibbs free energy minimization 

software [e.g. Perple_X, Connolly, 2005] using the thermodynamic database of 

Holland and Powell [1998] (update 2002). MatlabTM scripts automated Perple_X 

calculations and extraction of relevant parameters (stable phase assemblage, 

densities, amount of chemically bound water in the solid). 

3.1 Phases of fixed compositions and univariant reactions 
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Three different univariant reactions that typically occur in subduction zones are 

discussed here (Fig. 1): the dehydration of muscovite: 

Muscovite Quartz Aluminosilicate Sanidine Water+ = + +  (12) 

3 3 10 2 2 2 5 3 8 2( ) ,KAl Si O OH SiO Al SiO KAlSi O H O+ = + +  (13) 

the dehydration of serpentine: 

2Antigorite Forsterite Enstatite H O= + +  (14) 

48 34 85 62 2 4 2 2 6 2( ) 14 10 31 ,Mg Si O OH Mg SiO Mg Si O H O= + +  (15) 

and the decarbonation of calcite: 

2Calcite Quartz Wollastonite CO+ = +  (16) 

3 2 3 2CaCO SiO CaSiO CO+ = +  (17) 

These reactions are characterized by a sharp decrease of ρ
n

 and increase in R 

as volatile-bearing phases are produced (Fig. 1). The composition of the fluid 

does not evolve during these reactions. Therefore ρ
f

 is not sensitive to the 

devolatilization reactions and gradually varies in the whole P-T space 

(Supplementary Figure S1). Away from the reaction line, ρ
n

 increases with fluid 

pressure due to the solid compressibility (Fig. 1 A, C and E), while R decreases 

with fluid pressure as fluid is more compressible than solid (Fig. 1 B, D and F). 

3.2 Solid solutions and multi-variant reactions 

In natural rocks, solid phases are generally (non-ideal) mixtures rather than pure 

end-members. Taking into account solid solutions, univariant discontinuous (de-

)volatilization reactions become multi-variant fields in P-T space in which 

devolatilization occurs continuously. As an example, three rock types typically 

found in the oceanic lithosphere and that may enter a subduction zone are 

discussed: sediments [Plank and Langmuir, 1998], mafic rocks [Staudigel 
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et al., 1996] and ultramafic rocks (harzburgite from Schmidt and Poli [1998]). For 

simplicity K
2

O and TiO
2

 are not considered for mafic and ultramafic rocks. The 

composition of these rocks used for thermodynamic modelling can be found in 

Table 2. For mafic and ultramafic rocks the fluid was modelled as pure water with 

the equation of state of Holland and Powell [1998], whereas H
2

O-CO
2

 mixtures 

were considered for the sediments. The solid solutions used for the three 

different rock composition are given in Table 3. 

With multi-variant reactions, fluid density gradually increases with pressure and 

decreases with temperature for both pure water or an H
2

O-CO
2

 mixture (Fig. 2). 

For sedimentary rocks, an increase in density with temperature may occur when 

CO
2

 proportion in the fluid increases due to rock decarbonation (e.g. at high 

pressure in Fig. 2 B). Complex variations in ρ
n

 are usual and reflect the 

complexity of the underlying phase diagrams (Fig. 3 A, C and E). For all the 

compositions, ρ
n

 displays the same general variation with the lowest values 

below 2900 kg.m– 3 at low P-T (<0.5 GPa and < 400 C
° ) and the highest values 

above 3200 kg.m– 3 at high P-T (>3 GPa and > 700 C
° ). This is due to an overall 

increase in solid density with pressure and a general increase in devolatilization 

with temperature (i.e. a decrease in rock bounded volatiles, X
s

). A majority of the 

complexity of ρ
n

 disappears in the density ratio, R, which mainly decreases with 

fluid pressure (Fig. 3 B, D and F). 

3.3 Densities and solid water content look-up tables 

Solving Equations (10) and (11) can be done using look-up tables calculated with 

thermodynamic software such as Perple_X. The thermodynamic parameters 

tabulated as a function of pressure and temperature are shown in Figures 2 and 

3. The advantage of this approach is that all complexity of the multi-variant 

reactions is captured and consistently coupled to the non-equilibrium processes. 

Although aqueous species are not taken into account in this contribution, the 

main factors controlling the fluid pressure and porosity evolution are the 

thermodynamic parameters shown in Figures 2 and 3, which are controlled by 
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the phase diagram topology. Current progress in calculating aqueous speciation 

for the P-T environments in metamorphic rocks suggests that phase diagrams 

are hardly affected by the dissolved components [Galvez et al., 2015]. Therefore, 

it will not significantly affect the fluid pressure and porosity evolution. 

3.4 Compressibilities 

The pressure dependence of the thermodynamic parameters can be quantified 

by effective compressibilities: 

log f

f

f

d

dP

ρ
β =  (18) 

R

f

dR

dP
β =  (19) 

( )1log ns

s

s f

d dR

dP dP

ρ φρ
β

ρ

−
= ≈  (20) 

that can also be precomputed for usage as look-up tables. 

Using the two above relationships (Equations (18) and (19)) in Equation (10), a 

parabolic equation for fluid pressure, P
f

 is obtained: 

( )
( )

3

0· ( )
1

f f

e f f z d s

f

dP P Pk dP
P ge

dt dt φ

φ
β ρ β β

µ φ η

  −
= ∇ ∇ + + − +  − 

��

 (21) 

with the effective compressibility expressed as: 

( )1 n

e d s f R

f

φ ρ
β β β β β

ρ
′ −

= − + +  (22) 

The first term in the right-hand side of Equation (21) is the Darcy’s flux, the 

second and third term are related to, respectively, the elastic and viscous 

response of the rock to deformation. In the effective compressibility β
e

, the 

impact of reaction on changes in fluid pressure are accounted for by β
f

 and β
R

. 
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The other compressibilities in β
e

 are related to elastic deformation. In section 4.3 

this effective compressibility is shown to be positive which allows Equation (21) 

to be solved numerically. 

4 Special simplified cases 

The general system is very complex and non-transparent. In order to see familiar 

effects the simplified limits are considered. First, introducing a shorthand notation 

for the total density, ρ : 

( )1f sρ φρ φ ρ= + −  (23) 

results in an equivalent form of the total mass conservation equation (3) useful 

for the forthcoming simplifications: 

( )( )· · 0
s f f s

d
v v v

dt

ρ
ρ ρ φ+ ∇ + ∇ − =
�� ��� ��

 (24) 

4.1 No reaction 

Without reaction there is no fluid mass transfer between the solid and the fluid. In 

this case the time derivative of X
s

 is equal to zero and Equations (10) and (11) 

can be simplified by eliminating X
s

. The equations become identical to the ones 

in Yarushina and Podladchikov [2015]. In the pure elastic case (infinite viscosity) 

the Biot poro-elastic limit is recovered. In the pure viscous and more complex 

visco-elastic cases the non-reactive equations are equivalent to the porosity 

wave equations with well established properties [Richter and 

McKenzie, 1984; Scott and Stevenson, 1986; Connolly and 

Podladchikov, 1998, 2007, 2013, 2015]. 

4.2 Non-deforming solid 

In the case of highly permeable rocks (near-surface conditions), changes of fluid 

pressure due to reactions will induce fluid flow rather than rock deformation 

leading to the assumption of negligible deformation of the solid ( · 0
s

v∇ =
��

). As 
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shown in Appendix (B), under this assumption, the porosity and the total density 

can be constrained by thermodynamic properties only: 

( )0

01
1

n

n

ρ φ
φ

ρ

−
= −  (25) 

and 

( )0

01f nRρ ρ ρ φ= + −  (26) 

with 0

n
ρ  and 0φ  two time integration ’constants’ that can be functions of the 

spatial coordinates. These latter equations can be used to simplify Equation (24) 

to obtain the following fluid pressure time derivative: 

( )·
f f

f e f f z

f

dP k
P ge

dt

ρ
ρ β ρ

µ

 
= ∇ ∇ + 

 

��

 (27) 

with 

( )0 01
n

e f R

f

φ ρ
β β β

ρ

−
= +  (28) 

Now, the effective compressibility contains only terms related to the effect of 

reaction on fluid pressure (compare with Equation (22)). The associated changes 

in fluid pressure induce fluid flow (right-hand side of Equation (27)). 

4.3 No fluid flow 

A closed system approximation (no Darcy’s flux; ( )( )· 0f sv vφ∇ − =
��� ��

) is valuable for 

some systems in which fluid is released extremely fast before fluid flow can occur 

(e.g. incipient reaction with a high amount of released fluid). 

As shown in Appendix (C), the porosity and the total density can be expressed as 

a function of thermodynamic parameters only: 
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1
f

o n f s
C

ρ
φ

ρ ρ ρ
= −

+ −
 (29) 

and 

( )
f o

o

C

C R

ρ
ρ =

−
 (30) 

with C
o

 a constant such as: 

( )
0

0 01
o

n

C
ρ

ρ φ
=

−
 (31) 

Under the assumption of constant fluid density and using Equation (30), the 

pressure derivative of the system volume (the inverse of the total density) is: 

( )
1

1n

f f f f

d
dV dR

dP dP dP

ρ φρ

ρρ

 
  − 

= = −  (32) 

This allows to express the compressibility of R as: 

( )1

f

R

n f

dV

dP

ρρ
β

ρ φ
= −

−
 (33) 

During reaction, the change in the system volume (dV) with increasing pressure 

is always negative. For positive Clapeyron slopes hydration occurs with 

increasing pressure. The hydrous phases occupy a smaller volume than 

anhydrous phases and fluid and therefore system volume change is negative. 

For negative Clapeyron slopes dehydration occurs with increasing the pressure, 

which produces anhydrous phases and fluid that occupy a smaller volume than 

the hydrous phases (Fig. 4), also resulting in a negative change in system 

volume (dV). Therefore, β
R

 is always positive and the parabolic equation for fluid 

pressure can be solved numerically (Equation (21)). 
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Substituting ρ  expression from Equation (30) to derive the reaction effect on 

volume in a closed system, Δ
r

V : 

( )0

1 1 1 1 1

1
r r r r r

f n s f

V
C Xρ ρ ρ ρ

 
∆ = ∆ = ∆ − ∆ + ∆ − 

 (34) 

that can be simplified in the case of constant fluid density: 

( )
( ) ( )

0 0

0

0

0

1

1 1

n s sn

r

n f s s

X X
V

X X

ρφ ρ

ρ ρ ρ

 −− ∆
∆ = − + 

 − − 
 (35) 

which is verified by comparison with the volumetric effect of reaction calculated 

with Perple_X under the same closed system constraint (Fig. 5 and 

Supplementary Figure S2). The volume change during a reaction expressed in 

Equation (35) also appears in the expression of the Clapeyron slope: 

.r

f r

VdT

dP S

∆
=

∆
 (36) 

Figure 5 shows that the Clapeyron slope calculated with the volume change of 

Equation (35) is equivalent to the one calculated with Perple_X. During 

devolatilization reactions at constant pressure and increasing temperature, the 

produced fluid has a higher entropy than the rock (Δ
r

S > 0). Therefore, as the 

Clapeyron slope of the considered reactions are positive at pressure below ~ 2.5 

GPa (Fig. 5), the total volume increases. The reversal of the Clapeyron slope of 

antigorite dehydration above ~ 2.5 GPa occurs during a change in sign of the 

volume change of the reaction (Fig. 5). This is associated with a higher 

compressiblity of water compared to the solid in this pressure range. 

The pressure anomaly due to a reaction is generally estimated in a closed 

system (no Darcy’s flux) for univariant reactions [e.g. Kelemen and 

Hirth, 2012; Tian and Ague, 2014]. Introducing the relationship between the 
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volume of the system and its density (
1

V
ρ

= ) and Equation (9) in the case of 

purely elastic deformation with the assumption of lithostatic pressure 

( ( )·
f

s d s

dP
v

dt
β β ′∇ = −

��

) into Equation (24) gives an expression of the pressure 

change associated with the volume change during reaction: 

1 r

r

d s

V
P

Vβ β ′

∆
∆ =

−
 (37) 

This pressure change is a maximum since it is estimated in a closed system with 

a univariant reaction in which (de)volatilization occurs abruptly when crossing the 

reaction line. 

4.4 Constant densities of solid phases 

In Equations (1) and (2), the solid is divided in species (i.e. volatile species 

bound to the solid and non-volatile species such as Si or Mg). The system can 

also be decomposed in volatile-bearing and volatile-free phases with different 

densities, ρ
h

 and ρ
a

, respectively. Volatile-free phases and fluid are formed 

during the reaction of volatile-bearing phases. 

This choice of decomposition of the system in phases has several advantages in 

recognizing reasonable assumptions for solving Equations (10) and (11): 

1. Hydrous phases contain an amount of water, X
h

, which varies less than 

the amount of water in the rock, X
s

 (Fig. 6 and Supplementary Figure S3). 

For ultramafic rocks, the amount of water in antigorite varies within 0.13 

wt.% whereas the amount of water in the solid varies by more than 11 

wt.%. For mafic rocks, the amount of water in chlorite varies within 0.75 

wt. % while the amount of water in the solid varies by approximately 4 

wt.%. For sedimentary rocks, the amount of carbon dioxide in calcite 

varies within 0.07 wt.% whereas the amount of water and carbon dioxide 
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in the solid varies by approximately 7 wt.%. Based on these quantitative 

data, we adopted in the following the assumption of constant X
h

. 

2. The density of the volatile-bearing phases is less variable than the solid 

density (Fig. 6 and Supplementary Figure S4). For example, the density of 

volatile-bearing phases calculated for the sedimentary rock varies by 9% 

whereas the density of the solid varies by 15%. The densities of the 

volatile-bearing phases, ρ
h

, and of the volatile-free phases, ρ
a

 were 

assumed to be constant in the following. Although these approximations 

are rough in the case of only one hydrous phase (Fig. 6), it reproduces 

solid density relatively well when several hydrous phases are considered. 

The case for a single hydrous phase is first treated here because it 

provides a clear link between volume change of reaction and the 

associated porosity and fluid pressure changes. A more complex 

derivation for multiple hydrous phases is presented in Appendix D. 

The amount of fluid in the rock can either be expressed directly using the amount 

of water in the rock, X
s

, or with the amount of hydrous phases in the rock, S
h

, 

containing an amount of water of X
h

: 

s s h h h
X X Sρ ρ=  (38) 

Moreover, the solid is composed of hydrous and anhydrous phases, and its 

density can thus be expressed as: 

( )1s a h h hS Sρ ρ ρ= − +  (39) 

Equations (38) and (39) can be used to remove ρ
s

 and X
s

 from the expression of 

ρ
n

: 

( ) ( )1 1 .n h h h a hS X Sρ ρ ρ= − + −  (40) 

and R: 
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( ) ( )
1

1 1

h h h f

a h h h h

X S
R

S S X

ρ ρ

ρ ρ

−
= +

− + −
 (41) 

which becomes functions of S
h

. 

To solve Equations (10) for fluid pressure at constant fluid density, the time 

derivative of R has to be expressed as a function of the time derivative of fluid 

pressure. This requires to express the time derivative of S
h

 (Equation (41)). 

We used an exponential function to fit S
h

 to fluid pressure (Fig. 7): 

( ) ( )( )h f rP Pmax max min

h h h h
S S S S e

β− −
≈ − −  (42) 

with a constant, β
h

, which is positive when S
h

 increases with fluid pressure 

(positive Clapeyron slope) and negative when it decreases with fluid pressure 

(negative Clapeyron slope). The use of such a fit is justified by the definition of 

the chemical potential which directly relates the amount of volatile species or 

hydrous phases to a fluid pressure exponential [Tajčmanová et al., 2014]. During 

hydration of ultramafic rocks, this function predicts an increase of S
h

 with 

pressure which diverges by less than 5 % from the calculated data (Fig. 7). For 

dehydration of ultramafic rocks, the predicted S
h

 diverges by less than 10 % from 

the data (Fig. 7). 

Using Equations (41) and (42), the time derivative of R is: 

2

1 f a f h

h r

n n

d dSdR
V

dt dt dt

ρ ρ ρ
ρ

ρ ρ
= − + ∆  (43) 

In Equation (43), the change in volume due to reaction, Δ
r

V, corresponds to: 

1 1h h

r

a f h

X X
V

ρ ρ ρ

−
∆ = + −  (44) 
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Equation (44) is the change in volume for a dehydration reaction in an initially 

non-porous rock ( 0 0φ = ) obtained from a chemical reaction by taking the 

difference in volume of products and reactants. It is obtained with Equation (35) 

for the change in volume at constant fluid density by considering the following 

assumptions. Before dehydration, all volatiles are stored in hydrous phases. The 

initial proportion of chemically bound fluid in the solid is therefore equal to the 

proportion of fluid in the hydrous phase (
0s h

X X= ) and the initial amount of non-

volatile species is equal to the initial amount of non-volatile species in the 

hydrous phases ( ( )
0

1n h hXρ ρ= − ). When dehydration is complete, there are no 

hydrous phases left and all volatile species are in the fluid (X
s

 = 0 and ρ
n

 = ρ
a

). 

The change in volume expressed in Equation (44) is the same as the one used to 

calculated Clapeyron slopes and is thus positive for positive Clapeyron slopes 

and negative for negative Clapeyron slopes. Equation (43) indicates that, as h

f

dS

dP
 

has the same sign as Δ
r

V (Fig. 4), R increases with pressure where reaction 

occurs and decreases with pressure everywhere else due to fluid compressibility. 

This is in agreement with calculations of R variations for univariant reactions (Fig. 

1). 

Introducing Equation (43) in Equation (10), the parabolic equation for fluid 

pressure given in Equation (21) is obtained but with another expression for 

effective compressibility: 

( ) ( )
1 maxa

e d s f h h h r h

n

S S V
ρ φ

β β β φβ ρ β
ρ

′ −
= − + + − ∆  (45) 

The 
r h
V β∆  product is always positive since Δ

r

V and β
h

 are both negative for 

reactions with negative Clapeyron slopes and positive for reactions with positive 

Clapeyron slopes (Fig. 4). Therefore, β
e

 is positive. This will avoid numerical 

instabilities when solving Equation (21) [Hirt, 1968]. 

5 Numerical modelling of infiltration in reacting porous media 
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The behaviour of the above equations was investigated using an explicit finite 

difference approach. Thermodynamic data for the three initial compositions used 

here (ultramafic, mafic and sedimentary rocks) were used as input parameters 

for the numerical models (Fig. 8). Pressure and temperature range was set 

around target reactions with different properties: (1) antigorite dehydration with a 

negative Clapeyron slope for the ultramafic rocks, (2) chlorite dehydration with a 

positive Clapeyron slope for the mafic rocks, (3) decarbonation with a positive 

Clapeyron slope and a fluid as a H
2

O-CO
2

 mixture for the sedimentary rocks (Fig. 

8). The variations of the thermodynamic parameters were modelled with 

compressibilities which were either fitted to the data (R parameter for ultramafic 

rocks; Fig. 8) or estimated with look-up tables (R parameter for mafic and 

sedimentary rocks; Fig. 8 and ρ
n

 for all the compositions). Simulations without 

deformation were done to see the first order impact of reaction on porosity and 

fluid pressure. Finally, the coupling between reaction and deformation were 

investigated by introducing elastic deformation. 

An initial fluid pressure anomaly is setup in the center of the model domain at 

constant temperature. The generation of these anomalies was not the focus of 

the modelling and may be associated with mineralogical reactions in the vicinity 

of the studied zone or with deformation (e.g. earthquake, tectonic deformation or 

thermal contraction). Negative and positive pressure changes were investigated. 

The simulations predict evolution of the fluid pressure and associated porosity 

changes. 

5.1 Modelling without deformation 

Fluid pressure, porosity and mineralogical changes computed in one dimension 

are presented in Figure 9 (two and three dimensional models were also produced 

(see Supplementary Figure S5) but one dimensional models are sufficient to 

discuss the solution to the equations describing the coupled reactive porous 

flow). For the ultramafic rock, the model gives equivalent results in case of using 

a fit or look-up tables to estimate variations in compressibility (red and black 
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lines, respectively, in Fig. 9A). A model in which reaction is not considered 

produces a very limited evolution in pressure with time (green lines in Fig. 9). As 

the solid density can not change in non-reactive models, porosity can not be 

generated and permeability remains too low to allow sufficient fluid flow. It clearly 

shows how reactions play a critical role in generating fluid pathways during 

metamorphism. 

The fluid pressure variation is either smooth (Fig. 9 E and I) or abrupt (Fig. 9A) 

depending on the investigated reaction. The shape of the pressure profile 

depends on the permeability distribution. In case permeability is higher at the 

border of the profile, smooth profiles will be obtained whereas if the permeability 

is higher in the center of the profile, abrupt profiles will be obtained. Variations in 

permeabilities are directly related to variations in porosity through Equation (7) 

which are themselves related to variations in ρ
n

 through a simplified version of 

Equation (4) in case of no deformation (Equation (25)). 

Variations in ρ
n

, and thus in porosity, are controlled by variations in the solid 

density, ρ
s

 and fluid amount in the solid, X
s

 (Fig. 8 and Equation (5)). These 

variations depend on the Clapeyron slope of the reaction. For positive Clapeyron 

slopes, volatile-bearing phases are produced when fluid pressure increases. X
s

 

therefore increases and ρ
s

 decreases resulting in a decrease of ρ
n

. Following 

Equation (25) relating ρ
n

 to porosity in the non-deforming case, the porosity 

therefore decreases when the fluid pressure increases for positive Clapeyron 

slopes. As a result, the porosity and associated permeability are low at high fluid 

pressure (Fig. 9) and decreasing the fluid pressure will allow faster fluid 

transport. This results in smooth profiles of pressure relaxation from an initial 

positive anomaly in the center (Fig. 10 E and F). An initial negative pressure 

anomaly causes abrupt pressure variations with a sharp reaction front (Fig. 10 E 

and F). For negative Clapeyron slopes, volatile-free phases are produced when 

fluid pressure increases resulting in a decrease of X
s

 and an increase of ρ
s

. ρ
n

, 

porosity and permeability therefore increase with fluid pressure (Fig. 8 and 
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Equation (25)). As a result, an opposite trend is observed compared to positive 

Clapeyron slopes with a positive pressure anomaly relaxed through the 

propagation of a sharp reaction front (Fig. 10 A and B) and a negative pressure 

anomaly relaxed through smooth pressure variations in space (Fig. 10 C and D). 

5.2 Numerical model with deformation 

Deformation was investigated for purely elastic behaviour of the solid (neglecting 

the viscous term in Equation (9)) during chlorite and antigorite dehydrations (Fig. 

11). Considering the impact of reaction and/or deformation resulted in different 

profiles for fluid pressure relaxation compared to the common approximation of 

fluid flow in a rock with a fixed background porosity (orange lines in Fig. 11) 

suggesting that the equations introduced here are fundamental to understand 

fluid flow in reactive rocks. The combined effect of reaction and deformation on 

fluid flow depends on the Clapeyron slope of the reaction. 

As shown in the previous section, reactions with a negative Clapeyron slope are 

associated with a porosity increase with fluid pressure. Moreover, as fluid 

pressure increases pore space expands (Equation (11)) resulting in an increase 

of porosity with fluid pressure. Therefore, reaction and deformation induce 

porosity variations in the same direction for negative Clapeyron slopes. As a 

result, the shape of the pressure and porosity profiles do not depend on the value 

of 
d s

β β ′−  (green and blue lines in Fig. 11 A and B) and the porosity front 

propagates faster when reaction and deformation are both considered (green 

and blue lines compared to cyan and red lines, respectively, in Fig. 11 B). 

For positive Clapeyron slopes as fluid pressure increases porosity increases due 

to deformation but also decreases due to reaction (see previous section). As a 

result, the porosity front propagates slower when reaction and deformation are 

both considered (green and blue lines compared to cyan and red lines, 

respectively, in Fig. 11 D). Moreover, the shape of pressure and porosity profiles 

depend on the value of 
d s

β β ′− . When the system evolution is controlled by 
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deformation (high 
d s

β β ′−  values), the profiles are similar to the profiles obtained 

with negative Clapeyron slopes (green lines in Fig. 11 C and D). For values of 

d s
β β ′−  where the impacts of reaction and deformation are of the same order of 

magnitude, porosity varies on a smaller range than for purely reactive or elastic 

models. Intermediate profiles between these two end-members are obtained with 

parts of the porosity profile displaying an increase of porosity with pressure and 

other parts displaying a decrease of porosity with pressure (blue line in Fig. 11 

D). As 
d s

β β ′−  is fixed in the model, the location of these various parts depends 

on the impact of reaction on porosity and, following Equation (11), on the 

variations of ρ
n

 with fluid pressure. For low n

f

d

dP

ρ
, the evolution of porosity will be 

dominated by deformation whereas, for high n

f

d

dP

ρ
, it will be dominated by 

reaction (blue line in Fig. 11 D and E). This results in complex patterns for 

porosity and fluid pressure evolution different from the one obtained when 

considering fluid flow only (Fig. 11 C and D). 

6 Discussion and Conclusion 

Source terms taking into account the transfer of volatile species between solid 

and fluid have been introduced in mass conservation equations by several 

authors [Connolly, 1997; Wilson et al., 2014]. Expressions of these source terms 

were formulated both in the non-equilibrium and in the equilibrium cases. 

Connolly [1997], Spiegelman et al. [2001], Hesse et al. [2011] and Liang 

et al. [2011] used a source term which was a linear function of the distance from 

the equilibrium and of the reactive surface area. Wilson et al. [2014] introduced a 

source term which corresponds to the change in water content in the rock when 

modifications of the P-T conditions occur. The water content in the rock was 

calculated as a function of pressure and temperature based on equilibrium 

thermodynamic calculations, similar to the approach presented here. The main 

difference between most of these previous models and our approach is that we 

do not assume constant density of the solid. Another difference with some of the 
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previous work lies in the general formulation of the approach with look-up tables, 

which is not restricted to modelling one or several manually selected reactions. 

An increase in solid density by approximately 30% is calculated during the 

release of volatile species in subduction zones [Hacker, 2003]. An explanation for 

this change in solid density is that volatile species such as water or carbon 

dioxide occupy a larger volume than other species (oxides) when they are bound 

in minerals like clays or carbonates. To deal with these changes, we proposed to 

introduce three thermodynamic parameters, R, ρ
n

 and ρ
f

. These parameters can 

be precomputed in look-up tables for both univariant and multi-variant reactions 

to solve the parabolic equation of fluid pressure variation obtained when 

replacing thermodynamic parameters variations with compressibilities (Equation 

(21)). This equation is equivalent to the equation derived for non-reactive fluid 

flow [Yarushina and Podladchikov, 2015] but with an additional reactive term 

accounting for porosity and fluid pressure changes due to reaction. In this 

Equation, the effective compressibility in front of the fluid pressure time derivative 

is positive since β
R

 has a positive sign as shown with the closed system 

assumption. This parabolic equation is still valid with approximations but with 

other expressions for the effective compressibility. These approximations both 

give a better physical understanding of the equations and a confirmation on the 

numerical stability of Equation (21): 

1. Without deformation, Equation (10) can be simplified by introducing the 

total density and the porosity becomes a simple function of 

thermodynamic parameters only. 

2. In a closed system, an equation relating the change in pressure to the 

change in volume is obtained (Equation (37)). This equation recalls an 

expression for compressibility [Turcotte and Schubert, 2014] in which 

pressure and volume changes depend on the reaction and are related 

through pore compressibility (
d s

β β ′− ). Volume change during reaction can 

be as high as several tens of percent and pore compressibility has a 
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typical value of 10– 9 Pa– 1 [Connolly and Podladchikov, 1998]. Therefore, 

the maximum pressure rise in a closed system is on the order of several 

tenths of GPa. This value is of the same order of magnitude as the one 

given by Kelemen and Hirth [2012] for olivine serpentinization. 

3. With the decomposition of the solid in phases of constant density, the 

reactive term in the effective compressibility can be expressed as a 

function of the change in volume during reaction, a variable which is 

commonly used when discussing changes in fluid pressure and in porosity 

during reaction. Moreover, this reactive term is found to be always positive 

preventing the generation of instabilities when numerically solving 

Equation (21). 

One, two and three dimensions numerical models were constructed either by 

approximating variations in R with compressibility or by using look-up tables. 

Results did not depend on the dimension and on the method used to determine 

the variations in R. The shape of the pressure profile depends on the initial 

pressure gradient between the border and the center of the model and on the 

relationship between the permeability and the fluid pressure. This latter 

relationship depends on the Clapeyron slope with high permeability at low fluid 

pressure for positive Clapeyron slope and at high fluid pressure for negative 

Clapeyron slope. In other models of porosity waves, a background porosity is 

fixed and the reorganization of this porosity as a result of deformation and fluid 

flow is investigated [Connolly and Podladchikov, 2013]. With the new model of 

reacting porosity waves presented here, porosity can be generated in a non 

porous rock as a result of reaction allowing porous flow to occur in an initially 

fluid-free rock. When elastic deformation is also considered, the porosity front 

propagates faster for reactions with negative Clapeyron slope and slower for 

reactions with positive Clapeyron slope. 

The equations presented here fully respect conservation of mass and improve 

modelling the interplay between reaction, deformation and fluid flow from a 
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thermodynamic point of view. However, still development is required to further 

improve the modelling of natural processes. First, non-volatile species can be 

transported in the rock as aqueous species by advection or diffusion in the fluid. 

This is particularly important for long-term metasomatism during which over time 

significant amounts of dissolved species may be transported along chemical 

potential gradients between rock of different compositions. Aqueous species 

transport will modify the bulk composition of the solid and the associated 

thermodynamic equilibrium. Considering such transport of aqueous species 

requires to be able to model the composition of an aqueous solution at the 

equilibrium with a solid. This is currently possible at pressures below 0.5 GPa for 

example with the database of Johnson et al. [1992]. However, at high pressure, 

thermodynamic models like Perple_X do not allow such calculations due to the 

limitations in pressure of the used equations of state such as the revised 

Helgeson-Kirkham-Flowers (HKF) equations of state [Helgeson et al., 1981]. 

Recent thermodynamic developments allow to consider more complex fluids at 

high pressure [Mantegazzi et al., 2013; Sverjensky et al., 2014] and their 

incorporation in thermodynamic softwares considering aqueous species 

[e.g. Kulik et al., 2013] allows modelling systems undergoing compositional 

changes due to metasomatic processes. 

Mineralogical reactions are time-dependent processes having kinetics. The 

achievement of thermodynamic equilibrium and, thus, the changes in fluid 

pressure and in porosity associated with reaction will be delayed by these 

kinetics. Although some authors have proposed that the rate of metamorphic 

reaction is rather controlled by the transport of fluid than by the kinetics of 

reaction [Carlson, 2011], quantitative estimates of the interplay between fluid flow 

and kinetics are still lacking. Introducing a kinetic delay in the achievement of 

thermodynamic equilibrium in the formalism described here is needed to do 

these estimates. 
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Other deformation processes important for fluid transport will also have to be 

simulated. For example, viscous compaction allows to generate solitary porosity 

waves with a higher speed [Connolly and Podladchikov, 1998] and fracturing and 

shear deformation generate fluid pathways increasing permeability and the 

kinetics of reaction [Jamtveit et al., 2009; Plümper et al., 2012; Austrheim and 

Griffin, 1985]. 

Appendix A: Mass conservation equations with thermodynamic parameters 

The aim of this appendix is to show the rearrangement of the equations for 

conservation of total and non-volatile mass into the form presented in 

respectively Equations (3) and (4). 

For completeness the starting point of the derivation is repeated here, with the 

conservation of total mass: 

( )( )
( )( )

1
· 1 0

f s

f f s s
v v

t

ρ φ ρ φ
ρ φ ρ φ

∂ + −
+ ∇ + − =

∂

��� ��

 (A1) 

and the conservation of non-volatile mass: 

( ) ( )( )
( ) ( )( )

1 1
· 1 1 0.

s s

s s s

X
X v

t

ρ φ
ρ φ

∂ − −
+ ∇ − − =

∂

��

 (A2) 

Equation (A1) is designated to become the pressure evolution equation and 

porosity evolution is governed by Equation (A2). To achieve this porosity time 

derivatives are solved in one equation and eliminated in the other. Additionally, it 

is convenient to separate the unknowns related only to equilibrium 

thermodynamics from quantities governed by non-equilibrium processes. This 

leads to terms related to fluid flow (Darcy flux) and solid deformation (divergence 

of velocity) separated from terms governing density changes in fluid and solid. 
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In the following sequence of steps to isolate the time derivative of porosity 
d

dt

φ
 

material derivatives ( ·
s

d
v

dt t

∂
= + ∇

∂

��

) are used. The material derivative describes 

the time rate of change of some physical quantity (like heat or momentum) for a 

material element subjected to a space-and-time-dependent macroscopic velocity 

field. Here the porosity is followed in a certain solid parcel in time as it is being 

moved along with the solid. Therefore solid velocity is used in the material 

derivatives unless otherwise stated. 

Adding and subtracting · f svρ φ∇
��

 equation (A1) is re-written: 

( )( )· 1 0
f f f s f s s s

v v v v
t

ρ
ρ φ ρ φ ρ φ ρ φ

∂
+ ∇ − + + − =

∂

��� �� �� ��

 (A3) 

This allows recognizing material derivative of total density, and terms related to 

fluid flow ( )f s
v vφ −
��� ��

 and deformation ·
s

v∇
��

: 

( )( )· · · 0
f f s s s

v v v v
t

ρ
ρ φ ρ ρ

∂
+ ∇ − + ∇ + ∇ =

∂

��� �� �� ��

 (A4) 

By replacing partial time derivatives by material derivatives, Equation (A4) 

becomes: 

( )( )· · 0
s f f s

d
v v v

dt

ρ
ρ ρ φ+ ∇ + ∇ − =
�� ��� ��

 (A5) 

The total mass as defined in the time derivative in Equation (A1) can be re-

arranged to isolate porosity, as the main target is to eliminate its material 

derivative. It is therefore rewritten as: 

( ) ( )1
f s f

ρ ρ φ ρ ρ= + − −  (A6) 

Taking the derivative of ρ  (equivalent to expanding the material derivative of ρ  

into terms) gives: 
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( )
( )

( )1 .
s ff

s f

ddd d

dt dt dt dt

ρ ρρρ φ
φ ρ ρ

−
= + − − −  (A7) 

Substituting into Equation (A5) leads to the desired result of isolating 
d

dt

φ
 in 

Equation (A1): 

( )
( )

( ) ( )( )1 · · 0
s ff

s f f f s t s

dd d
v v v

dt dt dt

ρ ρρ φ
φ ρ ρ ρ φ ρ

−
+ − − − + ∇ − + ∇ =

��� �� ��

 (A8) 

Equation (A2) is now solved for 
d

dt

φ
 to eliminate it from Equation (A8). 

Expanding the divergence term in Equation (A2) to recognize the material 

derivative of non-volatile mass: 

( ) ( )( )
( ) ( ) ( ) ( )( )

1 1
1 1 · · 1 1 0

s s

s s s s s s

X
X v v X

t

ρ φ
ρ φ ρ φ

∂ − −
+ − − ∇ + ∇ − − =

∂

�� ��

 (A9) 

Substituting the material derivative: 

( ) ( )( )
( ) ( )

1 1
1 1 · 0

s s

s s s

d X
X v

dt

ρ φ
ρ φ

− −
+ − − ∇ =

��

 (A10) 

Isolating the divergence of solid velocity gives: 

( ) ( )
( ) ( )( )1 11

· 0
1 1

s s

s

s s

d X
v

X dt

ρ φ

ρ φ

− −
+ ∇ =

− −

��

 (A11) 

The mass of the non-volatile components (i.e. every component that does not 

enter the fluid during reaction) is defined as: 

( )1n s sXρ ρ= −  (A12) 

Substituting Equation (A12) into Equation (A11) and simplifying gives the final 

equation for the conservation of non-volatile mass given in the main text (see 

Equation (4)): 
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( )( )log 1
· 0

n

s

d
v

dt

ρ φ−
+ ∇ =
��

 (A13) 

To solve for 
d

dt

φ
 it is convenient to substitute Equation (A12) into Equation (A10): 

( )( )
( )

1
1 · 0

n

n s

d
v

dt

ρ φ
ρ φ

−
+ − ∇ =

��

 (A14) 

Expanding the material derivative in Equation (A14) to isolate 
d

dt

φ
: 

( ) ( )1 1 · 0n

n n s

d d
v

dt dt

ρ φ
φ ρ ρ φ− − + − ∇ =

��

 (A15) 

Solving for 
d

dt

φ
 gives after some simplification: 

( )
( )

1
1 ·n

s

n

dd
v

dt dt

φ ρφ
φ

ρ

−
= + − ∇

��

 (A16) 

Equation (A16) can be introduced into Equation (A8): 

( )
( )

( ) ( )
( ) ( )( )1

1 1 · · · 0
s ff n

s f s f f s t s

n

dd d
v v v v

dt dt dt

ρ ρρ φ ρ
φ ρ ρ φ ρ φ ρ

ρ

−  −
+ − − − + − ∇ + ∇ − + ∇ =  

�� ��� �� ��

 (A17) 

Collecting solid fraction (1 )φ−  will separate parameters dealing only with 

equilibrium thermodynamics from the other parameters. 

( )
( ) ( )

( ) ( )( )1 · · · 0
s f s ff n

s f s f f s t s

n

dd d
v v v v

dt dt dt

ρ ρ ρ ρρ ρ
φ ρ ρ ρ φ ρ

ρ

 − −
+ − − − − ∇ + ∇ − + ∇ = 

 

�� ��� �� ��

 (A18) 

Choosing a parameter R as: 

.
s f

n

R
ρ ρ

ρ

−
=  (A19) 
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With its derivative: 

( )
( )

2

1 1 s fn

s f

n n

dddR

dt dt dt

ρ ρρ
ρ ρ

ρ ρ

−
= − − +  (A20) 

Equilibrium thermodynamic parameters in Equation (A18) which vary greatly 

during reactions can now be conveniently grouped into one time derivative 
dR

dt
 : 

( ) ( ) ( ) ( )( )1 1 · · · 0
f

n s f s f f s t s

d dR
v v v v

dt dt

ρ
φ ρ φ ρ ρ ρ φ ρ+ − − − − ∇ + ∇ − + ∇ =

�� ��� �� ��

 (A21) 

Substituting ρ  from Equation (A6) into Equation (A21) above, allows 

simplification: 

( ) ( )( )1 · · 0
f

n f f s f s

d dR
v v v

dt dt

ρ
φ ρ ρ φ ρ+ − + ∇ − + ∇ =

��� �� ��

 (A22) 

The equation above contains now the desired result, the first term just dealing 

with density of the fluid, the second term dealing with equilibrium thermodynamic 

parameters only, and the last two terms related to fluid flow and solid deformation 

respectively. 

Note that by introducing a material derivative for the total system 

( ( )( )1 ·t

f s

d
v v

dt t
φ φ

∂
= + + − ∇

∂

��� ��

), Equation (3) given in the main text is obtained: 

( ) ( )( )1 1
· · 0.

t fn

s f s

f f

ddR
v v v

dt dt

ρφ ρ
φ

ρ ρ

−
+ + ∇ + ∇ − =

�� ��� ��

 (A23) 

Appendix B: Simplifications when assuming no deformation 

Considering negligible deformation of solid is equivalent to: 

· 0
s

v∇ =
��

 (B1) 
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that requires 
1

0d s

φ

β β
η

′= = = . This simplifies Equation (4) to: 

( )( )1
0

n
d

dt

ρ φ−
=  (B2) 

Time integrating: 

( ) ( )0

0 01 1n nCρ φ ρ φ− = = −  (B3) 

allows to obtain an expression of porosity: 

( )0

01
1

n

n

ρ φ
φ

ρ

−
= −  (B4) 

with ( )0

0 01nC ρ φ= −  being a time integration constant. Substituting porosity into 

the total density, ρ , (Equation (23)) allows ρ  to be expressed with 

thermodynamically constrained fluid density, ρ
f

, and density ratio, R, (Equation 6) 

as: 

( )0

01f nRρ ρ ρ φ= + −  (B5) 

Using Equation (24) gives an equation relating ρ  to the Darcy’s flux: 

( )·
f

f f

f

kd
P g

dt

ρρ
ρ

µ

 
= ∇ ∇ + 

 
 (B6) 

Finally, an expression using pressure time derivatives is obtained with Equation 

(B6) by using compressibilities: 

( )·
f f

f e f f

f

dP k
P g

dt

ρ
ρ β ρ

µ

 
= ∇ ∇ + 

 
 (B7) 

with 
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( )0 01
n

e f R

f

φ ρ
β β β

ρ

−
= +  (B8) 

Appendix C: Simplifications when assuming no fluid flow 

In a closed system (no Darcy’s flux) 

( )( )· 0f sv vφ∇ − =
��� ��

 (C1) 

the equation for total mass conservation (Equation (24)) can be re-written as: 

log
·

s

d
v

dt

ρ
∇ = −
��

 (C2) 

Equation (4) reduces to: 

( )
0

1
n

d

dt

ρ

ρ φ

 
= − 

 (C3) 

which can be time integrated as 

( ) ( )
0

0 01 1
o

n n

C
ρρ

ρ φ ρ φ
= =

− −
 (C4) 

to obtain an expression of porosity: 

1
f

o n f s
C

ρ
φ

ρ ρ ρ
= −

+ −
 (C5) 

that allows ρ  to be expressed with thermodynamically constrained fluid density, 

ρ
f

, and density ratio R (Equation 6) as: 

( )
f o

o

C

C R

ρ
ρ =

−
 (C6) 

Appendix D: Multiple volatile-bearing phases 
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The formalism used in section 4.4 with a unique hydrous phase only treats one 

(de)volatilization reaction. However, on a large pressure range, several 

volatilization and devolatilization reactions can occur. For example, when 

pressure increases in an ultramafic rock, three hydration and two dehydration 

reactions implying four hydrous phases (antigorite, talc, amphibole and chlorite) 

occur (Fig. A2). Moreover, hydrous phases contain strongly different amounts of 

water and have different densities. For example in mafic rocks, chlorite and 

amphibole, have average amounts of water of 11.3, and 2.1 wt.%, respectively, 

and average densities of 3,070, and 3,168 kg∕m3, respectively (Fig. A1). 

This results in complex patterns in S
h

, ρ
h

 and X
h

 which have to be modelled by 

decomposing the solid into several hydrous phases. We used a formalism to 

consider n volatile-bearing phases in the solid with different water content, X
i

, 

and density, ρ
i

, for each phase i. With this assumption, the volumetric proportion 

of volatile-bearing phases in the solid becomes 

1

n

h i

i

S S
=

=∑  (D1) 

or, by using Equation (42): 

( ) ( )( )( )
1

i f i

n
P Pmax max min

h i i i

i

S S S S e
β− −

=

= − −∑  (D2) 

with P
i

 the pressure where min

i
S  is reached for reaction i and max

i
S  the maximum 

amount of hydrous phase i in the solid. Where reaction i does not occur (at P
f

 < 

P
i

 for reaction with positive Clapeyron slope and at P
f

 > P
i

 for reaction with 

negative Clapeyron slope), β
i

 is equal to zero. This formalism is found to 

reproduce accurately S
h

 evolution with pressure for ultramafic rocks (Fig. A2). 

With this decomposition in phases, the parabolic equation for fluid pressure 

variations (Equation (21)) remains valid but the expression of β
e

 becomes 
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( ) ( )( )
1

1 n
maxa

e d s f i i i ri i

in

S S V
φ ρ

β β β φβ ρ β
ρ

′

=

−
= − + + − ∆∑  (D3) 

with 

( )
1;

1 1
,

n

i i i i i i

ri i i i i

i i ia i f a f f i

X X S S
V X X X X

ρ ρ

ρ ρ ρ ρ ρ ρ ρ
′ ′ ′ ′

′ ′

′= ′≠

  −
∆ = − + + − − −    

∑  (D4) 

the change of volume for reaction of volatilization/devolatilization i which verifies 

the following property 

1

n

i

i ri h r

i h

S
V V

S
ρ ρ

=

 
∆ = ∆  

∑  (D5) 
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Figure 1 Non-volatile species density (ρ
n

; A, C and E) and density ratio (R; B, D 

and F) as a function of pressure and temperature for three univariant reactions. A 

and B: antigorite dehydration. C and D: muscovite dehydration. E and F: calcite 
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decarbonation. Pseudosection diagrams are displayed on A, C and E for each 

reaction. Calculations were performed with Perple_X [Connolly, 2009] and the 

database of Holland et al. [1998]. Note the abrupt change of ρ
n

 and R along the 

reaction line. 

Figure 2 Fluid density (ρ
f

) as a function of pressure and temperature for 

ultramafic and mafic rocks (A) and for sedimentary rocks (B). The field where 

water is present in A is delimited with a blue line for ultramafic rocks and with a 

black line for mafic rocks. Note the continuous variation of ρ
f

 with pressure which 

can be fitted by using an exponential law with β
f

 as a parameter (Equation (18)). 

Figure 3 Variation of the non-volatile species density (ρ
n

; A, C and E) and of the 

density ratio (R; B, D and F) for system compositions of ultramafic rocks (A and 

B), mafic rocks (C and D) and sedimentary rocks (E and F). Pseudosection 

diagrams are displayed in white on A, C and E with the mineralogical 

assemblage corresponding to each number on the right. 

Figure 4 Position in the P-T space of a dehydration reaction having a positive 

Clapeyron slope at low pressure and a negative Clapeyron slope at high 

pressure. Note that the change in volume with pressure is negative for reactions 

with both positive and negative Clapeyron slopes and, using Equation (33), β
R

 is 

thus always positive. In the case of solid decomposition in phases (section 4.4), 

note also that for both negative and positive Clapeyron slopes, β
h

 (defined in 

Equation (42)) and the volume change of reaction (Δ
r

V, defined in Equation (44)) 

have the same sign. For positive Clapeyron slope, the change in volume (Δ
r

V) 

and β
h

 are both positive whereas, for negative Clapeyron slopes, they are both 

negative. As a result, the effective compressibility is always positive in Equation 

(22) and in Equation (45) and Equation (21) can be solved without generating 

instabilities. 

Figure 5 A: Change of volume during antigorite dehydration (Δ
rV)

 calculated with 

Perple_X (plain line) and with Equation (35) (dashed line). B: comparison of the 
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Clapeyron slope calculated with Perple_X (
dT

dP
; plain line) with r

r

V

S

∆

∆
 calculated 

with Equation (35) for Δ
rV 

and Δ
rS

 computed with Perple_X (dashed line). Note 

the good match between the various expressions. 

Figure 6 Comparison between bulk and phases properties for ultramafic rocks 

(the same properties for mafic and sedimentary rocks can be found in 

Supplementary figures S3 and S4). Labels for the superimposed pseudosection 

diagram in A are displayed on Figure 3. A: mass fraction of water in the rock (X
s

). 

B: Mass fraction of water in antigorite (X
h

). C: solid density (ρ
s

). D: hydrous 

phases density (ρ
h

). E: anhydrous phases density (ρ
a

). 

Figure 7 Volume fraction of hydrous phases in the solid (S
h

) as a function of the 

fluid pressure (P
f

) minus the pressure of the reaction (P
r

) for both olivine 

hydration (A) and antigorite dehydration (B). Each black line corresponds to S
h

 

for a temperature fixed between 400 C
°  and 463 C

°  for olivine hydration and 

between 631 C
°  and 635 C

°  for antigorite dehydration. The blue lines are fits of 

the black lines with the exponential law of Equation (42). 

Figure 8 Mass fraction of water in the solid (X
s

; A, E and I), fluid density (ρ
f

; B, F 

and J), non-volatile species density (ρ
n

; C, G and K) and density ratio (R; D, H 

and L) for selected P-T domains with compositions of ultramafic rocks (A, B, C 

and D), mafic rocks (E, F, G and H) and sedimentary rocks (I, J, K and L). In 

these domains, the reactions of antigorite and chlorite dehydration and carbonate 

decarbonation occur for ultramafic, mafic and sedimentary rocks compositions, 

respectively. The data computed along the black lines were used in numerical 

modelling and either fitted for R in the case of ultramafic rocks composition and 

fluid densities or used in look-up tables for ρ
n

 and R in the case of mafic rocks 

and sedimentary rocks composition. 

Figure 9 One-dimensional numerical modelling of the relaxation in space of a 

pressure increase for three cases using the parameters for antigorite (A, B, C 
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and D) and chlorite (E, F, G and H) dehydrations and carbonate decarbonation (I, 

J, K and L) given in Figure 8. Initial conditions (dashed lines) and results after 

simulation durations of 1 s for antigorite dehydration and 300 s for chlorite 

dehydration and carbonate decarbonation (plain lines) are both shown. Results 

for the reacting porosity waves model (black lines) and a non-reactive model 

(green lines) are both shown. For antigorite dehydration, results for two reacting 

porosity waves models are shown in which R variations are either approximated 

with a fit of the data (red line) or calculated with look-up tables (black line). A, E 

and I: pressure profile. B, F and J: porosity profile. C, G and K: phases modes for 

initial conditions. D, H and L: phases modes after the simulation durations given 

above. Note that the shape of the profiles depends on the Clapeyron slope of the 

reaction. As porosity increases with pressure for negative Clapeyron slopes (A, 

B, C and D), fluid propagates faster in the center of the model than on the sides 

and sharp profiles are obtained. For positive Clapeyron slopes (E, F, G and H 

and I, J, K and L) an opposite trend is observed with smoother pressure and 

porosity variations due the decrease of porosity with pressure. 

Figure 10 Pressure (A, C, E and G) and porosity (B, D, F and H) changes as a 

function of time for the relaxation of an initial positive (A, B, E and F) or negative 

(C, D, G and H) pressure anomaly. Reactions having negative (A, B, C and D) 

and positive (E, F, G and H) Clapeyron slopes were both investigated by using 

the parameters derived for antigorite and chlorite dehydrations shown in Figure 

8, respectively. Note that sharp pressure and porosity anomalies propagate for 

negative Clapeyron slope and positive pressure pulse at the center of the model 

(A and B) and for positive Clapeyron slopes and negative pressure pulse at the 

center of the model (G and H). This is due to significant porosity and permeability 

increases at the center of these models which allow faster propagation of the 

fluid than on the both sides of the model. An opposite trend with smooth pressure 

and porosity profiles is obtained in Figures C, D, E and F. 
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Figure 11 Comparison of one dimensional models of fluid flow with or without 

considering the impact of elastic deformation and antigorite (A and B; negative 

Clapeyron slope) or chlorite dehydration (C and D; positive Clapeyron slope). 

The profiles are displayed after a simulation time of 1.64 s for antigorite 

dehydration and 190 s for chlorite dehydration. A and C: evolution of fluid 

pressure. B and D: evolution of porosity. E: evolution of ρ
n

 with the fluid pressure 

for chlorite dehydration. The various parameters used for the different models are 

given on the figure. For negative Clapeyron slope (A and B), reaction and elastic 

deformation have similar effects on the porosity which increases with the fluid 

pressure. This results in a faster propagation of the porosity front as reaction and 

deformation are both considered (blue and green lines compared to red and cyan 

lines, respectively). For positive Clapeyron slope, reaction and elastic 

deformation have opposite effects on porosity variation which decreases due to 

reaction and increases due to deformation when fluid pressure increases. This 

results in different shapes of the pressure and porosity profiles for different 

values of 
d s

β β ′− . For conditions where the impact of reaction and deformation 

are equivalent 10.07
d s

GPaβ β ′ −− = , the shape of the profile is controlled by the 

variation of ρ
n

 with fluid pressure following Equation (11). The competition 

between deformation and reaction also induces a slower propagation of the 

porosity front. 

Figure A1 Density (A and C) and mass fraction of water (B and D) in chlorite (A 

and B) and amphibole (C and D) formed in mafic rocks. 

Figure A2 A: variations of the volume fraction of hydrous phases in the solid (S
h

) 

as a function of pressure along a profile calculated with ultramafic rocks 

composition at a fixed temperature of 625 C
° . The blue line corresponds to the 

data calculated with Perple_X and the red line to a fit obtained with Equation 

(D2). B: phase modes along the profile. As pressure increases, three increases 

in S
h

 occur first during amphibole + talc + chlorite formation, then during chlorite 

and talc reaction to form antigorite and finally during amphibole hydration to form 
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antigorite and clinopyroxene. At pressure above 3.5 GPa S
h

 decreases first 

through antigorite dehydration to form olivine, orthopyroxene and chlorite and 

then through chlorite dehydration to form olivine and garnet. 

Table 1 Symbols used in the mathematical model 

Symbol Definition  Unit  

P

f

 Fluid pressure  Pa  

P

r

 Pressure of the reaction  Pa  

P

i

 Pressure of reaction i when multiple reactions are considered Pa  

P   

Lithostatic pressure  Pa  

P

s

 Solid pressure  Pa  

T  Temperature  K  

s
v
��

  

Solid velocity  m.s

– 1

  

fv
���

  

Fluid velocity  m.s

– 1

  

X

h

 Mass fraction of fluid in hydrous solid  wt.% 

X

i

 Mass fraction of fluid in hydrous phase i  wt.% 

X

s

 Mass fraction of fluid in solid  wt.% 

R  density ratio  none  

φ   

Porosity, fluid volume fraction  none  

0φ   

Porosity before reaction  none  

ρ

f

  Fluid density  kg.m

– 3

  

ρ

s

  Solid density  kg.m

– 3

  

ρ

n

  Density of the non-volatile species  kg.m

– 3

  

0

n
ρ   

Density of the non-volatile species before reaction  kg.m

– 3

  

ρ   

Total density  kg.m

– 3

  

0ρ   

Total density before reaction  kg.m

– 3

  

ρ

h

  Hydrous solid density  kg.m

– 3

  

ρ

i

  Density of hydrous solid i  kg.m

– 3

  

ρ

a

  Anhydrous solid density  kg.m

– 3

  

V  Volume of the system  m

3

  

Δ

r

V  Volume change during the reaction  m

3

  

Δ

ri

V  Volume change during reaction i  m

3
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Symbol Definition  Unit  

Δ

r

S  Entropy change during the reaction  J.K

– 1

  

Δ

r

P  Pressure change during the reaction  Pa  

C

0

 Constant defined in Equation (25)  kg.m

– 3

  

C

o

 Constant defined in Equation (31)  none  

k

0

  Background permeability  m

2

  

φη   

Pore viscosity  Pa.s  

μ

f

  Fluid viscosity  Pa.s  

g  Gravity acceleration  

2 1.m s
−

 

β

d

  Drained compressibility  Pa

– 1

  

s
β ′

  

Solid compressibility measured in unjacketed tests  Pa

– 1

  

β

s

  Solid compressibility defined in equation (20)  Pa

– 1

  

β

e

  Effective compressibility  Pa

– 1

  

β

R

  Compressibility of R  Pa

– 1

  

β

f

  Fluid compressibility  Pa

– 1

  

β

h

  Solubility of the hydrous phase in the solid  Pa

– 1

  

β

i

  Solubility of the hydrous phase i  Pa

– 1

  

S

h

  Volume fraction of hydrous phases in the solid  vol.% 

max

h
S   

Maximum of S

h

 vol.% 

S

i

  Volume fraction of the hydrous phases i in the solid  vol.% 

max

i
S   

Maximum of S

i

 vol.% 

z
e
��

  

Unit vector along upward directed z-axis  none  

Table 2 Rock compositions used for thermodynamic modelling. 

Elements (wt.%) Ultramafic rock Mafic rock Sedimentary rock 

SiO

2

  39.58  47.85  58.67  

TiO

2

  0  0  0.62  

Al

2

O

3

 1.51  16.24  11.93  

FeO  8.54  9.40  5.22  

MnO  0  0  0.32 

MgO  37.89  6.95  2.48  

CaO  1.25  13.41  5.96  
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Elements (wt.%) Ultramafic rock Mafic rock Sedimentary rock 

Na

2

O  0  2.15  2.43  

K

2

O  0  0  2.04  

H

2

O  11.24  4  7.30  

CO

2

  0  0  3.01  

Total  100  100  100  

Table 3 Solid solution models for the phases used in the Ultramafic (Ult), Mafic 

(Maf) and Sedimentary (Sed) compositions. 

Solid solution model  Rock type  Formula  References  

Antigorite (Atg)  Ult  (48 ) (1 )(48 ) 8 34 85 62( )
x y x y y y

Mg Fe Al Si O OH− − − −  

Padrón-Navarta et al. [2013]  

Amphibole (Amp)  Ult, Maf, Sed 2( ) 2( ) 1 7 3 2 4( )( )
y u v u w z x x u v w z

Ca Na Mg Fe+ + + + − − − − +  

 

  

3

2 4 3 2 8 ( ) 22 2( )z y v w y vFe Al Si O OH
+

+ + − +  

Dale et al. [2005]  

Brucite (Brc)  Ult  1 2( )
x x

Mg Fe OH−  

ideal  

Chloritoid (Cld)  Maf, Sed  1 2 5 2( )
x y x y

Mg Fe Mn Al SiO OH− −  

White et al. [2000]  

Chlorite (Chl)  Ult, Maf, Sed 1 5( )
x w x w y z

Mg Fe Mn − − − +  

 

  2(1 ) 3 10 8( )
y z y z

Al Si O OH+ − − +  

Holland et al. [1998]  

Cordierite (Crd)  Maf, Sed  2 2 2(1 ) 4 5 18 2·( )
x y x y z

Mg Fe Mn Al Si O H O− −  

ideal  

Clinopyroxene (Cpx)  Ult  1 (1 ) 2 6y y xy x y y
Na Ca Mg Fe Al Si O− −  

Holland and Powell [1996]  

Dolomite (Dol)  Sed  1 3 2( )
x x

CaMg Fe CO−  

Holland and Powell [2003]  

Epidote (Ep)  Maf, Sed  2 3 2 2 3 12 ( )
x x

Ca Al Fe Si O OH−  

Holland and Powell [1998]  

Garnet (Grt)  Ult, Maf, Sed 1 3 1 2 3 12( ) ( )
x y z x y z w w

Fe Ca Mg Mn Fe Al Si O− − − −  

White et al. [2000]  

K-feldspar (Ksp)  Sed  1 3 8x x
Na K AlSi O−  

Waldbaum and Thompson [1968] 

Olivine (Ol)  Ult  2 2 2(1 ) 4x y x y
Mg Fe Mn SiO− −  

Holland and Powell [1998]  

Omphacite (Omp)  Maf, Sed  

2 3

(1 ) 1 2 6( )y w x x y w y wNa CaMg Fe Al Fe Si O
+ +

+ − − −  

Green et al. [2007]  

Orthopyroxene (Opx) Ult  1 2 2 2 6( )
x x y y y

Mg Fe Al Si O− − −  

Holland and Powell [1996]  

Phengite (Ph)  Maf, Sed  1 3 2( ) 3 10 2( )
x x y z y z y z

K Na Mg Fe Al Si O OH− − + + +  

Holland and Powell [1998]  

Plagioclase (Pl)  Maf, Sed  1 2 2 8x x x x
Na Ca Al Si O− − +  

Newton et al. [1980]  

Pumpellyite (Pmp)  Maf, Sed  4 1 2 5 6 21 7( ) ( )
x x

Ca Mg Fe Al Si O OH−  

model from C. Mazzoli  

Staurolite (St)  Maf, Sed  4 4 4(1 ) 18 7.5 48 4x y x y
Mg Fe Mn Al Si O H− −  

Holland and Powell [1998]  
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Solid solution model  Rock type  Formula  References  

Talc (Tlc)  Ult  1 3 2 4 10 2( ) ( )
x x y y y

Mg Fe Al Si O OH− − −  

ideal  

Ti-biotite (Bt)  Sed  1 3 /2( )
x y x y w z z

K Mg Fe Mn Ti− − − −  

 

  1 2 3 10 2( )
w w

Al Si O OH+ −  

White et al. [2000]  
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3 : Opx Amp Ol Atg Cpx H2O
4: Chl Amp Ol Atg Cpx H2O
5: Opx Chl Amp Ol Atg H2O
6: Chl Tlc Amp Ol Atg H2O 
7: Opx Chl Ol Grt Cpx H2O
8: Opx Amp Ol Pl H2O 

1: Omp Chl Grt Lws Tlc H2O
2: Omp Amp Grt Lws Tlc H2O
3: Omp Grt Coe Ky Ep H2O
4: Omp Grt Qz Ky H2O
5: Omp Grt Ep Coe H2O
6: Omp Amp Grt Lws Coe H2O
7: Omp Chl Amp Grt Lws H2O
8: Omp Amp Grt Lws H2O
9: Omp Grt Lws Tlc Qz H2O
10: Omp Chl Amp Grt Lws Tlc
11: Omp Chl Cld Amp Grt Lws
12: Omp Cld Amp Grt Lws 
13: Omp Chl Cld Amp Grt Lws Qz
14: Omp Chl Amp Grt Lws Qz
15: Omp Chl Amp Grt Ep Lws
16: Omp Cld Amp Grt Ep Lws
17: Omp Chl Cld Amp Ep Lws
18: Omp Chl Amp Grt Ep Lws Qz
19: Omp Chl Amp Ep Lws Qz 
20: Omp Chl Amp Grt Ep Qz H2O
21: Amp Grt Ep Qz H2O
22: Omp Pl Grt H2O
23: Omp Amp Ep Pl Qz H2O
24: Amp Ep Pl Qz H2O
25: Chl Amp Ep Pl Qz H2O

26: Omp Amp Pl Qz H2O
27: Omp Chl Ep Pmp Qz Amp
28: Omp Chl Ep Pmp Qz
29: Omp Chl Ep Pmp Pl Qz Amp
30: Omp Chl Ep Pmp Pl Qz
31: Omp Chl Ep Prh Pl Amp H2O 
32: Chl Amp Ep Pl H2O
33: Chl Amp Pl Ep Qz H2O 
34: Chl Amp Pl Ep H2O
35: Amp Pl Ep H2O
36: Omp Chl Ep Prh Pl Amp  
37: Omp Amp Pl Fa H2O 

1: Omp Ph Grt CbLws Coe Rt Sd F
2: Omp Ph Cb Lws Spn Coe Rt Stp F
3: Omp Ph Grt Coe Rt F
4: Omp Ph Cb Lws Spn Qz Stp F
5: Omp Ph Cb Lws Spn Qz Rt Stp F
6: Omp Ph Cb Lws Qz Rt Stp F
7: Omp Ph Grt Cb Ep Qz Rt F
8: Omp Ph Fsp Grt Qz Rt F
9: Omp Ph Pl Grt Bt Qz Rt F
10: Omp Ph Fsp Grt Bt Qz Rt F 
11: Amp Omp Ph Cb Lws Spn Qz Stp F
12: Omp Chl Ph Grt Cb Qz Rt F 
13: Omp Ph Pl Grt Cb Bt Qz Rt F
14: Omp Ph Fsp Grt Bt Spn Qz F
15: Omp Chl Ph Grt Cb Lws Spn Qz Stp F
16: Omp Chl Ph Cb Lws Spn Qz Stp F
17: Omp Chl Ph Grt Cb Lws Spn Qz F
18: Omp Chl Ph Grt Cb Spn Qz Rt F
19: Omp Ph Amp Grt Cb Qz Rt F
20: Cb Omp Ph Ksp Grt Qz Rt F
21: Omp Ph Amp Ksp Grt Cb Qz Rt F
22: Omp Chl Ph Ksp Cb Lws Spn Qz Stp F
23: Omp Chl Ph Ksp Grt Cb Lws Spn Qz F
24: Omp Chl Ph Ksp Grt Cb Spn Qz F
25: Omp Ph Amp Ksp Grt Cb Spn Qz F

   

26: Omp Ph Amp Ksp Grt Cb Ep Spn Qz F
27: Omp Ksp Grt Cb Bt Ep Spn Qz F
28: Ph Ksp Grt Cb Bt Ep Spn Qz F
29: Omp Ksp Grt Bt Spn Qz Ilm F
30: Ksp Grt Cb Bt Ep Spn Qz F 
31: Omp Ksp Grt Cb Bt Ep Spn Qz F
32: Omp Ksp Grt Cb Bt Spn Qz F
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