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ABSTRACT
The breakdown of hydrous minerals during subduction results in a densification of the rocks, producing volume changes that 
can trigger fluid pressure fluctuations and hydrofracturing. These volume changes are controlled by the Clapeyron slope of the 
reaction and are quantified here using a macroscopic framework that integrates a zero-dimensional mechanical model and a 
one-dimensional petrological model. A Mohr–Coulomb–based mechanical model is coupled with phase equilibrium calculations 
(Theriak-Domino), oxygen isotope fractionation and trace element partitioning, using the compressed compensated Redlich–
Kwong (CORK) equation of state to describe fluid properties. This model can predict fluid pressure fluctuations and brittle-failure 
events from successive Gibbs free energy minimisations while accounting for tensile strength and differential stress in the me-
chanical model. The code is released as an open-source Python library ThorPT. For intermediate subduction geotherms, results 
indicate up to 5 vol.% fluid-filled porosity without brittle failure, consistent with findings from several geophysical studies. In ba-
salts and serpentinites, the calculated time-averaged permeability values show intermittent episodes of permeability exceeding 
10−19 m2. In serpentinite, the permeability increase can be attributed to olivine formation. In mafic rocks, episodes of increased 
permeability are associated with the breakdown of chlorite, amphibole and lawsonite during the transition from blueschist to 
eclogite. In the case of warm subduction geotherms, the model results show a strong correlation between dehydration-driven 
brittle failure, fluid migration and seismicity, particularly in the mafic crust. The blueschist–eclogite transition is associated 
with intense brittle failure, matching geothermal and geophysical models linking this depth range to seismic double layers. Our 
results highlight the coupled mechanism of dehydration reaction and brittle failure as a driver of episodic fluid extraction, with 
broad implications for fluid–rock interaction and mass transfer in subduction zones.

1   |   Introduction

There are several metamorphic reactions occurring in the 
Earth's crust and mantle that consume or produce aque-
ous fluids consisting of H2O with amounts of CO2, CH4 and 
other aqueous species. In subduction zones, these fluids con-
tribute significantly to arc magmatism, mass transfer and 
seismicity (Bebout and Penniston-Dorland  2016; Etheridge 
et  al.  2021; Hacker, Abers, and Peacock  2003; Kerrick and 

Connolly 2001; Kirby et al. 1996; Padrón-Navarta, Tommasi, 
et al. 2010; Peacock 2009; Saffer and Tobin 2011; Sibson 2013). 
During prograde metamorphism, the H2O bound in minerals 
is released as the minerals break down, contributing to the 
production of aqueous fluids. Released fluids can migrate 
vertically upward within rock grain boundaries, fractures or 
other structural patterns, as they are volatile and less dense 
than the solids (Ague 2014; Malvoisin et al. 2015). Brittle de-
formation in the crust has often been associated with fluid 
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production during metamorphic reactions and fluid migra-
tion away from the production site (Cox 2010; Etheridge 1983; 
Giuntoli et  al.  2024; Gold and Soter  1984; Hacker, Peacock, 
et al. 2003). The movement of a fluid along grain boundaries 
is referred to as pervasive flow, whereas channelled flow oc-
curs along highly permeable domains (Ague 2014; Zack and 
John  2007). There is evidence that dehydration can lead to 
both fluid channelling and pervasive fluid migration (Bovay 
et al.  2021; Huber et al.  2022; Stewart and Ague 2020; Zack 
and John 2007).

Two main approaches have been used in previous studies to 
gain a better understanding of fluid production and fluid flow 
in the crust.

•	 Global fluid fluxes have been investigated using petrolog-
ical and/or petrochemical models. Both models rely on 
phase equilibrium modelling, the prediction of mineral 
stability and phase transformation using Gibbs free en-
ergy minimisation. Such one-dimensional models in the 
P–T space are macroscopic. The system is defined using 
a bulk rock composition with internal microstructures 
or compositional variations at the microscale not being 
considered (Lanari and Engi  2017). Petrological models 
simulate how the mineral assemblage of a given rock 
system changes with changing pressure and tempera-
ture conditions and can estimate the magnitude of fluid 
fluxes (e.g., Baxter and Caddick 2013; Konrad-Schmolke 
et al. 2005, 2006; Konrad-Schmolke, O’Brien, et al. 2008). 
For example, garnet growth—often associated with a de-
hydration reaction—can be linked to water production 
during progressive burial in the subduction zone (Baxter 
and Caddick 2013). Petrochemical models extend the pe-
trological models by incorporating isotope geochemistry 
such as oxygen isotope fractionation or trace element par-
titioning (Kohn 1993; Vho et al. 2020; Konrad-Schmolke, 
Zack, et al. 2008). These models have been instrumental 
in studying fluid–rock interaction processes, particu-
larly in explaining the fluid-induced trace element pat-
terns commonly observed in high-pressure minerals. 
Additionally, they allow for the simulation of oxygen 
isotopic compositions in stable mineral and fluid phases 
under both closed- and open-system conditions (Vho 
et al. 2020). The extension to multi-layer models enables 
the simulation of fluid production in specific lithologies, 
such as serpentinites, and its infiltration into other lithol-
ogies, including mafic or metasedimentary layers, while 
also tracking the resulting changes in the isotopic signa-
tures of bulk and mineral phases. Similarly, these simu-
lations can be applied to model water transfer from the 
subducting slab into the forearc mantle wedge, leading to 
serpentinisation (Vho et al. 2020). Applying fluid transfer 
models to large-scale scenarios such as subduction zones 
can quantify not only the fluid fluxes associated to dehy-
dration reactions but also the amount of deeply subducted 
water that is recycled to the deep mantle (Gies et al. 2024). 
However, these models do not take into account the possi-
ble mechanical mechanisms that control fluid extraction, 
which is assumed either to be instantaneous or to occur 
when the amount of fluid exceed a threshold value 
(Wilson et al. 2014).

•	 The second approach is to use thermomechanical mod-
els that can simulate fluid movement in porous media. 
These two-phase flow models involve porous compac-
tion and viscous–plastic deformation of the solid matrix, 
mass and momentum conservation coupled with Darcy 
flow for the fluid (Connolly  1997; Malvoisin et  al.  2015; 
McKenzie  1984; Morishige and van Keken  2018; Wang 
et  al.  2019). Mass, momentum and energy conservative 
equations are solved to describe the fluid or melt move-
ment by compaction. Different matrices and geological 
problems can be tested by using such an approach; for ex-
ample, the transport velocity of major and trace elements 
in melt could be estimated (McKenzie  1984). A similar 
approach can also be applied to rocks that undergo devol-
atilisation reactions. This approach would result in an 
aqueous fluid pressure gradient, and the reaction front 
propagation can be described as a creep of porosity waves 
(Connolly  1997). The fluid pathways in a dehydrating 
subducting slab have been simulated using this approach, 
confirming the possibility of trenchward or arcward 
fluid movements (Morishige and van Keken 2018; Wang 
et al. 2019). Typically, such 2D or 3D simulations are de-
signed for kilometre-scale models and rarely consider 
mineral reactions as predicted by thermodynamic mod-
els. Models that include deformation mechanisms rely 
on permeability and fluid viscosity, parameters that are 
still poorly constrained (McKenzie  1984; Morishige and 
van Keken 2018; Wilson et al. 2014). Coupling thermody-
namic data with such models often involves trade-offs. It 
must neglect deformation, assume specific fluid flow con-
ditions (e.g., buoyancy-driven movement) or rely on static, 
precomputed thermodynamic data—such as look-up ta-
bles or fluid production budgets of different lithologies 
based on their reaction progress—for acceptable perfor-
mance (Malvoisin et al. 2015). In addition, mineralogical 
and chemical reactions can affect viscous flow and esti-
mated fluid release in subduction zone models, which in 
turn modify permeability and fluid migration (Beinlich 
et al. 2020; Bras et al. 2023; Plümper et al. 2012). These 
models allow reactions, fluid release and permeability 
development to be investigated on a microscopic scale. 
Plümper, John, et  al.  (2017) also showed that fluid flow 
in dehydrating rocks does not necessarily follow a Darcy 
behaviour. Dehydration reactions are associated with the 
nucleation and growth of minerals and can often be de-
scribed by a reaction front propagating in a network.

Geophysical studies point out the increase in the P-to-S veloc-
ity ratio, attributed to the reduced shear resistance compared 
to compressional resistance in fluid-bearing rocks, which is 
interpreted to reflect zones of high fluid-filled porosity of up to 
4 vol.% (Abers et al. 2009; Audet et al. 2009; Egbert et al. 2022; 
Gosselin et  al.  2020; Kodaira et  al.  2004; Peacock  2009; 
Peacock et  al.  2011; Shiina et  al.  2013). Controversially, the 
presence of free fluid in the crust is often associated with 
extensional hydraulic fracturing or shear failure (Bukała 
et al. 2020; Cox 2010; Cox et al. 1987; Etheridge 1983; Etheridge 
et  al.  1983; Jung et  al.  2004; Niu et  al.  2003; Secor  1965; 
Sibson 2017; Sippl et al. 2018). Furthermore, field and micro-
structural observations in serpentinites, which act as direct 
witnesses to fluid transfer and intermediate-depth seismicity, 
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indicate brittle fracturing and shearing by vein structures as-
sociated with serpentinite dehydration (Muñoz-Montecinos 
et al. 2024; Ulrich et al. 2024). To date, hydration and dehydra-
tion reactions associated with positive and negative volume 
changes have been simulated using the phase field method or 
the distinct element method (Schmalholz et  al. 2023; Evans 
et al. 2020; Okamoto and Shimizu 2015; Okamoto et al. 2017; 
Jamtveit et  al. 2008) to study reaction-induced fracturing in 
rocks at the microscale. This has allowed the coupling of a 
hydraulic-mechanical response with chemical processes. 
These models link specific fluid production reactions to a me-
chanical model but neglect the reaction complexity of natural 
systems, which is reasonably well captured by phase equilib-
rium models (Hernández-Uribe and Palin 2019). The volume 
changes predicted by phase equilibrium models can be linked 
to the mechanical failure of rocks, and a first attempt has 
been proposed for melts but is limited to isobaric conditions 
(Etheridge et al. 2021).

In this study, we propose a framework for petrochemical mod-
elling that combines chemical equilibrium calculations and 
isotope fractionation with a mechanical model of brittle rock 
failure. The implementation in Python is distributed as an open-
source modelling package ThorPT available at https://​github.​
com/​neosc​alc/​ThorPT. The thermodynamic calculations are 
performed using Theriak-Domino (de Capitani and Brown 1987; 
De Capitani and Petrakakis  2010) combined with an oxygen 
isotope fractionation model (Vho et  al.  2020) and a trace ele-
ment distribution model (Konrad-Schmolke et al. 2023; Konrad-
Schmolke, Zack, et  al. 2008). Mechanical failure is predicted 
using a mechanical model based on the Mohr–Coulomb theory. 
Fluid extraction from the system is assumed to occur when brit-
tle failure occurs and is also compared to a threshold extraction 

method. This combined model is applied to different rock types 
to re-evaluate fluid extraction during the subduction of altered 
oceanic crust and to investigate possible triggers.

2   |   Mechanical Model for Rock Failure and Fluid 
Extraction

2.1   |   Failure Criteria

The occurrence and mechanisms of brittle deformation in 
rocks buried below the brittle–ductile transition are a standing 
debate in geology (e.g., Yamato et al. 2019). In classical rock 
mechanics, brittle rock failure is described semi-quantitatively 
as a function of material properties (internal friction, tensile 
strength and cohesion) and the applied differential stress 
(Jaeger et al. 2007; Sibson 2013 and references therein). This 
framework allows rock integrity to be assessed at the scale 
of a single material point, i.e., in a zero-dimensional sense. 
The failure envelope in normal stress–shear stress space is de-
fined as

where � is the shear stress (MPa), σn is the normal stress and 
Pf is the fluid pressure with the material properties C for the 
rock cohesion (MPa) and μ the internal friction coefficient (see 
Figure  1a). In this space, the stress state of the rock is repre-
sented by a circle, with a diameter equal to the differential stress. 
The differential stress can be obtained from the maximum and 
minimum normal stresses:

(1)� = C +
(

�n − Pf
)

⋅ �,

(2)Δ� = �1 − �3.

FIGURE 1    |    Mohr–Coulomb failure mode diagram in compressive stress state. (a) Representation of the rock as a circle in the shear stress-normal 
stress space and the failure envelope. The diameter of the circle is defined by the differential stress (see Equation 3). Failure modes can be (1) pure 
extension failure (yellow), (2) extension-shear failure (red) and (3) compression-shear failure (green). (b) Compression stress state of the rock system 
showing maximum, minimum and normal stress and the angle of misorientation of the failure plane. (c) Weakening of the rock by changing S and μ 
results in a displacement of the failure envelope (modified after Yamato et al. 2019). (d) Increasing the shear stress changes the differential stress and 
therefore the circle diameter. (e) An increase in fluid pressure drives the circle toward a lower normal stress.
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The Griffith failure criterion is an extension of the Mohr–Coulomb 
failure criterion describing failure for tensile normal stress:

where S is the tensile strength of the rock (MPa) and fol-
lows the empirical observation with the cohesion C ≈ 2 ⋅ S 
(see Figure  1; Griffits  1921; Jaeger et  al.  2007; Secor  1965; 
Sibson 2000).

In a rock without fluid, failure can occur only due to changes 
in the material properties (μ, C or S; see Figure 1c) or by an in-
crease in the shear stress on the system (Figure 1d). In a rock 
system including fluid, the fluid pressure applies a mechanical 
effect and acts as an additional tensile stress on the rock system 
(Figure 1e). The normal stress is reduced by the amount of the 
fluid pressure to an effective stress �′ (e.g., Secor 1965) defined 
as follows:

This rock mechanics framework allows the failure of a rock to 
be evaluated in three different ways (Figure 1a).

1.	 Pure extensional failure as the brittle extensional fail-
ure, also known as hydraulic fracturing or Mode 1 cracks, 
requires low differential stress expressed by the condition 
Δ𝜎 < 4 ⋅ S and the minimum effective normal stress to 
overcome the tensile strength of the rock. The critical fluid 
pressure is defined as follows:

2.	 Extensional-shear failure applies for interme-
diate differential stress values with the condition 
Δ𝜎 < 4 ⋅ S < 5.66 ⋅ S. The critical fluid pressure is defined 
as (Cox 2010) follows:

3.	 Compressional shear failure occurs for high differential 
stress values with Δ� ≥ 5.66 ⋅ S, resulting in a critical fluid 
pressure defined as follows:

where θ is the misorientation angle corresponding to the angle 
between a fault and the maximum normal stress �1 (Cox 2010).

2.2   |   Coupling Thermodynamic Modelling With 
Failure Mechanics

Thermodynamic models can be used to simulate the evolution 
of a rock system along a pressure–temperature path (e.g., Baxter 
and Caddick  2013; Hernández-Uribe and Palin  2019; Lanari 

and Duesterhoeft  2019). These petrological models assume a 
closed system that is in thermodynamic equilibrium, as pre-
dicted by Gibbs free energy minimisation. They can be com-
bined into petrochemical models by incorporating calculations 
of oxygen isotope or trace element fractionation for the stable 
mineral assemblage (e.g., Konrad-Schmolke, Zack, et  al. et  al. 
2008; Konrad-Schmolke et al. 2011; Vho et al. 2020). Coupling 
these petrochemical models with failure mechanics requires 
a framework to link thermodynamic pressure with the differ-
ential stress, fluid pressure and volume changes from mineral 
reactions.

In classic equilibrium thermodynamics, a closed system at 
fixed pressure (P) and temperature (T) conditions evolves to-
ward equilibrium by minimising its Gibbs free energy (e.g., 
Brown and Skinner 1974; de Capitani and Brown 1987). The 
system can be composed of solid mineral phases and fluid 
phases (Figure  2). For simplicity, only an aqueous fluid is 
considered as the dominant fluid phase in the following. 
The thermodynamic pressure of such a closed system is the 
same for all mineral phases and for the fluid, which is a re-
quirement for thermodynamic equilibrium (e.g., Lanari and 
Duesterhoeft 2019). At equilibrium, i.e., when the Gibbs free 
energy is minimised, the system has relaxed to any differential 
stress and represents a static system under thermodynamic 
pressure (Moulas et  al.  2019; Nordstrom and Munoz  1994). 
Moulas et  al.  (2019) demonstrated that the mean stress of a 
system is close to the lithostatic pressure Plith over large times-
cales (> 10 kyr) including changes in volume and differential 
stress values lower than 100 MPa. In this case, the lithostatic 
pressure Plith can be used as the thermodynamic pressure P for 
modelling. Nevertheless, there is currently no widely accepted 
consensus in the literature on how to include anisotropic 
stress in thermodynamics. This means that any model com-
bining the two relies on assumptions (Wheeler  2020; Hobbs 
and Ord  2018; Powell et  al.  2018; Tajčmanová et  al.  2015). 
Following Moulas et al. (2019), in a system with a fluid-filled 
porosity, the fluid pressure is close to the lithostatic pres-
sure, representing the mean stress (see Figure  2; Connolly 
and Podladchikov  2004; Etheridge et  al.  2021; Hobbs and 
Ord 2018; Saffer and Tobin 2011; Sibson 2013).

In a system represented by a container, let us assume that a 
small amount of fluid is present in association with the solids 
and that the fluid is in mechanical equilibrium with the sol-
ids. At this scale, microstructural and textural relationships are 
neglected and the system is treated macroscopically. At ther-
modynamic equilibrium, the fluid pressure is equal to the ther-
modynamic pressure. As P–T conditions change, the volumes 
of the phases in this container may also change, which can be 
calculated using the bulk system composition and Gibbs energy 
minimisation for each P–T condition. In such a re-equilibrating 
system, the Clausius-Clapeyron relation expresses the change 
in volume and entropy of the products of a reaction associated 
with a change in pressure and temperature. As an example, 
a typical fluid-producing reaction involving the formation of 
garnet in a system with a basaltic composition (Baxter and 
Caddick 2013) is examined below. At the initial conditions of 
0.85 GPa and 375°C, the system consists of solid phases with 
an initial assemblage of clinopyroxene, chlorite, white mica, 
glaucophane, zoisite, titanite and quartz (Asmstart). The system 

(3)�2 = 4S2 + 4S
(

�n − Pf
)

,

(4)��

1
= �1 − Pf, ��

3
= �3 − Pf, and �

�

n
= �n − Pf.

(5)Pcrit
f

= �3 + S.

(6)Pcrit
f

=
8 S

(

�1 + �3
)

−
(

�1−�3
)2

16 S
.

(7)

Pcrit
f

=
C

�
+

�1 + �3

2
−

�1 − �3

2
cos(2�) −

�1 − �3

2�
sin(2�),
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is then re-equilibrated to form garnet and fluid at six differ-
ent P–T conditions, corresponding to six different Clapeyron 
slopes (see Figure 3). The re-equilibrated system is then repre-
sented by Asm1. The temperature increment is constant while 
the pressure changes for each simulation. Depending on the 
Clapeyron slope defined by P/T, the total volume of the system 
will either increase or decrease (Figure 3). Assemblages with 
a larger pressure increase (steeper Clapeyron slope) can cause 
a total volume decrease of up to 4.6% and those with a smaller 
pressure increase (less steep Clapeyron slope) can cause a total 
volume increase of up to 2.4%.

As discussed above, macroscopic phase-equilibrium model-
ling based on thermodynamics and the minimisation of Gibbs 
free energy can be used to predict how the total volume of 
a rock system with a known bulk composition evolves under 
varying P–T conditions. When the same bulk composition is 
used at different P–T conditions, the model simulates the re-
equilibration of a closed, mass-conservative system. While 
these calculations yield phase volumes from a thermodynamic 
perspective, the sum of the re-equilibrated phase volumes 
may differ from the original ‘container’ volume (Figure  2). 
A similar approach has been applied to melt generation in 
metapelite (Etheridge et al. 2021). The macroscopic model de-
veloped herein consists of two stages: a thermodynamic stage, 
based on Gibbs free energy minimisation to predict the rock 
system and a subsequent mechanical stage, in which volume 

changes are assessed independently of thermodynamic con-
straints. In a system containing fluid and given that solids are 
far less compressible than fluids, any mismatch between the 
container volume and the re-equilibrated solid volume must 
be accommodated by a transient change in fluid volume. If 
the fluid mass remains constant, its density must adjust ac-
cordingly, leading to a transient shift in fluid pressure. This 
transient process can be visualised with a valve–piston mech-
anism (Figure  2): a net decrease in the solid–fluid system 
volume lowers fluid pressure and moves the piston inward, 
whereas an expansion compresses the fluid and raises its pres-
sure (black arrow in Figure 2). In both cases, the fluid density 
adapts to the new volume, controlling the pressure response 
to the metamorphic reaction. This model assumes that reac-
tion kinetics are much faster than deformation, an assump-
tion that is subject to debate (e.g., Hobbs et al. 2010; Moulas 
et  al. 2022; Plümper et  al. 2022). However, it has also been 
recently demonstrated that metamorphic reactions can occur 
very quickly (Liu et al. 2025). Accordingly, our proposed mac-
roscopic framework assumes that reaction kinetics are faster 
than deformation rates. Although alternative approaches 
could be used to couple thermodynamic modelling with two-
dimensional simulations in order to resolve microtextures and 
mineral–fluid interactions (Plümper, John, et al. 2017; Huber 
et al. 2022), these methods focus on local processes, in which 
reaction kinetics are more important than thermodynamic 
equilibrium. Lastly, the problem could be formulated using 

FIGURE 2    |    Visualisation of a hypothetical section through a rock system consisting of mineral porphyroblasts in a mineral matrix and a fluid-
filled porosity, which is connected in 3D. The system is assumed to be closed and at thermodynamic equilibrium therefore there has no differen-
tial stress (σ1 = σ3). The fluid pressure can be modified from the surrounding and is represented by a valve mechanism (modified after Hobbs and 
Ord 2018). When the system receives pressure changes from internal work (volumetric changes) and/or surrounding (increasing vertical load or 
shear stress) the fluid pressure will adapt to the new condition by moving the valve mechanism. The variables σ1 and σ3 represent the maximum and 
minimum normal stress, respectively and Pf is the fluid pressure. Note that when the fluid volume changes the fluid pressure should change accord-
ingly as indicated by the black arrow at the valve. It should be noted that the microscopic representation of the process is for illustrative purposes only 
and that the models discussed in the text are macroscopic.
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Helmholtz energy minimisation (under fixed T and Vsystem) 
instead of Gibbs energy minimisation (under fixed T and P), 
but this development is beyond the scope of this paper. The 
assumption that we can calculate how the total volume of sol-
ids changes with P–T using Gibbs energy minimisation allows 
us to derive a simplified relationship between available pore 
space, fluid volume and fluid pressure.

The pressure–volume relationship of an ideal gas can be ex-
pressed by the Boyle–Mariotte law:

P1 is the thermodynamic pressure (gas pressure) and V1 is the 
volume of the gas at the P1 and T1 conditions. The volume V2 
and pressure P2 describe the pressure–volume relationship for 
an ideal gas when P or V has changed.

For now, let us assume an ideal behaviour of the fluid in equilib-
rium with Asm1. The volume of fluid Vfluid corresponding to V1 
at P1 predicted by equilibrium thermodynamics is compressed 
to a new volume V2 corresponding to the total volume of the con-
tainer Vreference minus the volume of the solids Vsolids. The fluid 
pressure P2 can be calculated as follows:

The ratio P2/P1 represents the (pore) fluid factor (Etheridge 
et  al.  2021 and references therein). The difference Vreference 
minus Vsolid represents the available ‘void’ space of the reaction 
accessible for Vfluid.

Pressure–Volume relationships of metamorphic fluids are dif-
ferent from those of ideal gases, especially at high pressures. 
The behaviour of a metamorphic fluid at high pressures can 
be calculated using the Compensated-Redlich-Kwong (CORK) 
equation (Holland and Powell 1991). The pressure–volume rela-
tionship of the fluid is

where Vm is the molar volume of the fluid, R is the gas constant, 
T is the temperature, a is the temperature dependent attraction 
term and b is the covolume term (Halbach and Chatterjee 1982). 
The change in pressure due to volume change can be expressed 
using the fluid factor P2/P1:

where Vm,2 is the molar volume of the compressed fluid after the 
dehydration reaction has occurred, which corresponds to

(8)P1 V1 = P2 V2.

(9)P2 = P1
V1
V2

= P1
Vfluid

Vreference − Vsolid
.

(10)P =
RT

Vm − b
−

a

Vm
�

Vm + b
�
√

T
,

(11)
P2
P1

=

RT

Vm,2 − b
−

a

Vm,2(Vm,2 + b)
√

T

RT

Vm,1 − b
−

a

Vm,1(Vm,1 + b)
√

T

,

FIGURE 3    |    Volume change simulated for a mafic rock system under different increasing pressure and temperature conditions representing pos-
sible geothermal gradients in subduction zones. The violet line represents the intermediate geotherm from Gerya et al. (2002) (G2), while the green 
line represents the average geotherm from Penniston-Dorland et al. (2015) (PD15). Metamorphic facies are from Forshaw et al. (2024), and serpentine 
breakdown reactions are from Hermann et al. (2000) (H) and Padrón-Navarta, Hermann, et al. (2010) (P). Mineral abbreviations follow Warr (2021). 
Clapeyron slope values are reported in MPa/°C.
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The compressibility of the solids is not taken into account 
here because the solids are much less compressible than the 
fluid (Holland and Powell  1996; Holland and Powell  1998; 
Berman 1988). In a petrological modelling framework, the Gibbs 
free energy can be minimised after each P and T increment. The 
change in fluid pressure can be calculated by multiplying the 
fluid factor from Equation  (11) and the thermodynamic pres-
sure. The fluid factor is determined from the volumes obtained 
after equilibration, which already include the production or con-
sumption of fluid. After re-equilibration, volume changes are 
evaluated and an external differential stress can be applied to 
the system (see below).

Treating the system as a container and calculating the fluid 
pressure based solely on internal volume changes overlooks 
the possibility that some volume change may be absorbed by 
the movement of the surrounding rock material. In this case, the 
system can be modelled as a deformable container, where the 
reaction-induced void space decreases as fluid is produced after 
re-equilibration. In this case, Vreference − Vsolid can be smaller 
than in the case, resulting in a higher fluid pressure. This sce-
nario can be simulated in a fluid-filled porous system, where the 
fluid adjusts to pressure changes caused by solid volume varia-
tions and differential stress (Mazzucchelli et al. 2024). Therefore 
an external differential stress parameter was introduced into the 
mechanical model. This parameter considers the fluid-induced 
weakening in the Mohr–Coulomb model (see Figure  1) and 
can increase the failure sensitivity of the mechanical model. 
However, for simplicity, the thermodynamic model does not 
consider differential stress and the lithostatic pressure is used 
instead. This assumption is reasonable for low differential stress 
values of less than 100 MPa (Moulas et al. 2019). In step 1, the 
system is in chemical and mechanical equilibrium at given P 
and T conditions (Figure  4a,b). Stage 2 represents the system 
after a small change in P and T in the absence of mechani-
cal failure. After the reaction, the stable phases predicted by 
Gibbs free energy minimisation at P2–T2 include a fluid phase 
(Figure 4c). At this stage, the associated volume changes cause 
an increase in fluid pressure that is not sufficient to cause 
mechanical failure (Figure 4d). The differential stress is also 
not large enough to cause failure. Step 3 represents the sys-
tem following a new small increment in P and T. In this case, 
the associated volume change causes a further increase in the 
fluid pressure triggering mechanical failure (Figure 4f) caus-
ing all of the fluid to be extracted from the system (Figure 4e). 
The mechanical failure in this example occurs by extensional 
failure, but other modes are possible (see Figure 1). Step 4 rep-
resents the system after fluid extraction when it has chemi-
cally and mechanically equilibrated to P3 and T3 conditions 
(Figures 4g,h). Here, the system has relaxed after reaction and 
has attained a new total volume.

3   |   Petrochemical Model Calculator ThorPT

Petrochemical modelling was performed using an open source 
package written in Python called ThorPT available at https://​
github.​com/​neosc​alc/​ThorPT. Theriak-Domino (de Capitani and 

Brown 1987; De Capitani and Petrakakis 2010) was used to per-
form the Gibbs energy minimisations for a given bulk system 
composition during its evolution along a P–T path. For each iter-
ation step, the starting rock is modelled using Gibbs free energy 
minimisation, giving predicted stable phase assemblages. Mineral 
phase fractionation is included as this effect can significantly af-
fect the predictions of the thermodynamic model (e.g., Lanari and 
Engi 2017). Here, the produced garnet is fractionated at each step 
and a new reactive bulk composition is calculated. This approach 
is necessary because neglecting garnet fractionation has been 
shown to directly influence the proportions and compositions of 
other predicted phases, as well as the garnet-to-water production 
ratio (Baxter and Caddick 2013). Additionally, spherical diffusion 
for garnet major elements can be applied to account for any dif-
fusional transport by using the Julia package ‘DiffusionGarnet’ 
(Dominguez et al. 2026). The oxygen isotope composition δ18O for 
the predicted stable phases is modelled based on oxygen isotope 
fractionation (Vho et al. 2020) using an internally consistent oxy-
gen isotope fractionation database (Vho et al. 2019). Trace element 
distribution between the mineral phases and the fluid is mod-
elled using the approach and distribution coefficients of Konrad-
Schmolke et al. (2023). The oxygen and trace element models are 
included in the model output by default but are not discussed here. 
Fluid extraction is implemented and can modify the reactive bulk 
composition for the amount of H2O, the amount of 18O and by 
the amount of partitioned trace elements into the fluid. Fluid ex-
traction is regulated by the mechanical model and all of the fluid 
is extracted when brittle failure is predicted (see above). Further, 
a minimum fluid-filled porosity of 0.2 vol.% is implemented in the 
model, which has to be overcome to enable fluid pressure calcu-
lation. This simulates a threshold for pore space and possible in-
terconnectivity based on studies on grain boundary wetting (e.g., 
Wark et al. 2003; Yoshino et al. 2006).

The user can set the following model parameters (see Table 1): 
(1) the P–T path, (2) enable or disable fluid transmission and in-
teraction, allowing or preventing the transfer of extracted fluid 
from one rock unit into the overlying units, (3) the thermody-
namic database used for Gibbs free energy minimisation, (4) 
the bulk rock composition (in wt.%), (5) the number of moles 
of hydrogen, extra oxygen for Fe speciation and/or carbon, (6) 
the initial δ18O value and REE compositions of the bulk rock 
and (7) the mechanical properties of the system including the 
tensile strength, differential stress and internal friction param-
eter. In addition, the fluid extraction scheme can be set as: (1) 
no extraction, (2) continuous extraction where extraction is per-
formed at each increment when a free fluid is present or (3) dis-
continuous extraction occurring when brittle failure is predicted 
by the mechanical failure model.

3.1   |   Pressure–Temperature Path Definition

The P–T trajectory can be defined using the built-in Pathfinder 
module. This module can generate P–T–t trajectories for burial 
or exhumation by entering a velocity and angle of movement. 
An existing P–T path can be interactively digitised from an 
image. Here, by default, the ‘subduction zone’ scenario is used, 
generating the P–T path for a subducting rock, which is buried 
below overlying lithologies simplified as a two-layer structure. 
The subducting slab itself can be manually defined as a column 

(12)Vm,2 =
V2
V1

Vm,1.
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of several layers in which the pressure and temperature condi-
tions vary from top to bottom. For details, see the Supporting 
Information.

The path increment values in P and T represent the step size be-
tween two minimisations (Table 1). These values are adjustable 
and represent the conditions under which the reactive part of 

FIGURE 4    |    Failure criterion test in a system under stress and changing its solid and fluid volume during metamorphic reaction for given condi-
tions for variables S, τ, μ and Δσ. (a) Equilibrated rock system with no free fluid phase at T1 and P1. (b) Mohr–Coulomb diagram for the intact system. 
(c) Equilibrated and fluid saturated rock system at T1 and P1. (d) Mohr–Coulomb diagram for the intact system with fluid-filled porosity. (e) Volume 
change of the reacting system at the new conditions of T2 and P2. The system experiences a negative volume change and the fluid pressure is affect-
ing the mechanical stability of the system (see panel d). Positive volume change and the effect on the fluid pressure is similarly calculated following 
Equation (11). (f) Mohr circle is moving to the left due to the change in effective stress caused by the fluid pressure and hits the failure envelope. Here, 
Pf > σ3 and σ′3 ≥ -S so that pure extensional failure is predicted. (g) After extraction, the system is healing and is in thermodynamic and mechanical 
equilibrium. (h) Mohr–Coulomb diagram of the healed and intact system at the new equilibrated P and T condition. It should be noted that the mi-
croscopic representation of the process is for illustrative purposes only and that the models discussed in the text are macroscopic. The abbreviation 
‘TE’ indicates thermodynamic equilibrium.
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TABLE 1    |    Overview of model set-up parameters. Selected settings represent the model used for the metabasalt benchmark.

Description

Example rock

Value and comment

Type Metabasalt (unaltered basalt after Gale et al. 2013)

Path 
increments

500 MPa and 10°C

Model 
scenario

Isolated mode (optional: transmitting)

Thermodynamic parameters

Database tc55 (revised version of Holland and Powell 1998 and following to Vho et al. 2020)

Solution 
models

Holland and Powell (2003) for calcite–dolomite– magnesite

Holland and Powell (1998) for garnet, white mica and talc

Holland and Powell (1996) for omphacite

Holland et al. (1998) for chlorite

Diener et al. (2007) for amphibole

Equation of 
state for fluid

CORK equations from Holland and Powell (1991)

Oxide wt.% SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O

Starting bulk 50.47 1.68 14.70 10.43 0.00 0.00 7.58 11.39 2.79 0.16

REE μg/g La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Start 
composition

5.80 16.40 2.80 14.50 4.40 1.05 4.57 0.71 4.49 0.98 2.86 0.45 2.71 0.41

Moles of 
hydrogen

0.6 (Fluid saturated at the first calculation)

Moles of 
excess 
carbon

0

Geochemical parameters

Oxygen 
isotope 
fractionation 
factors

DBOXYGEN 2.0.3 (Vho et al. 2019)

Starting bulk 
δ18O

5.7‰

Fluid and mechanical parameters

Fluid phase 
fractionated

water.fluid (named as in the thermodynamic database)

Fluid 
extraction 
mechanism

Mechanical model (optional: No extraction/continuous)

Fluid 
fraction 
leaving the 
system

100% when present as a free fluid phase

Fluid 
pressure

Mean stress

(Continues)
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the system reaches a new equilibrium state. Between two steps, 
the mineral assemblage and the fluid are held metastable with-
out any reaction. Larger increment values may represent a delay 
in the reactivity of the system and can be seen as an analogue of 
reaction overstepping (Pattison et  al.  2011; Yamato et  al.  2022). 
In this model, a fixed incremental step size along the path was 
chosen based on multiple studies indicating that metamorphic 
reactions often require some degree of departure from rock-wide 
equilibrium (e.g., Carlson et al. 2015; Waters and Lovegrove 2002; 
Schwarz et  al.  2011; Spear and Pattison  2017; Castro and 
Spear 2016; Pattison and Tinkham 2009). The magnitude of tem-
perature overstepping ranges between 5°C and 90°C for different 
mineral reactions, with lower values typically associated with 
devolatilisation reactions (Carlson et al. 2015; Pattison et al. 2011). 
Pressure overstepping can span several hundred megapascals 
and for this study increment values of 500 MPa for ΔP and 10°C 
for ΔT were applied, assuming that reactions taking place during 
prograde metamorphism have relatively low energetic barriers 
(Rubie 1986; Waters and Lovegrove 2002; Pattison and Tinkham 
2009). The temperature increment is relatively small compared to 
the pressure step, as mineralogical changes are often more sen-
sitive to temperature than pressure (e.g., Rubie  1986; Ferry and 
Gerdes 1998; Putnis 2015; Nerone et al. 2023). Such incremental 
changes in temperature and pressure have been linked to garnet 
modal zoning associated with growth and dissolution processes 
(Viete et al. 2018). Once the temperature and pressure step condi-
tion is met along the predefined P–T path, a new Gibbs free energy 
minimisation is performed. The implications of modifying the 
step size are discussed below.

3.2   |   Mechanical Properties

The implemented mechanical model framework depends on 
three parameters: the coefficient of internal friction (μ), tensile 
strength (S) of the bulk rock material and the differential stress 
(Δσ) of the surrounding rock. The internal friction coefficient is 
set to 0.75 as a representative value for most lithologies of the crust 
at greater depth (Byerlee 1978; Jaeger et al. 2007; Sibson 2000). 
Different values of tensile strength and differential stress were 
tested in the mechanical model, as outlined in Section 4 and in 
the sensitivity analysis (Supporting Information). A summary of 
geological constraints on tensile strength and differential stress 
is provided in the Supporting Information.

4   |   Results

4.1   |   Comparative Test of the Combined 
Petrochemical Model

A comparative test of ThorPT was performed using the same 
model settings as in Vho et al. (2020) with an unaltered basalt 
bulk rock composition from Gale et  al.  (2013) to simulate the 
evolution of a metabasalt. The Gibbs free energy minimisa-
tions were performed using the internally consistent dataset of 
Holland and Powell  (1998) with subsequent updates collected 
in the Theriak-Domino database tc55 (Table 1, Data S1 and S4 
and Vho et al. 2020). The P–T trajectory was set to an oceanic 
subduction geotherm using a convergence speed of 0.02 m/year, 
a dipping angle of 20° and the path increment values were fixed 
at 500 MPa and 10°C (Gerya et al. 2002; see Figure S3). No dif-
ferential stress was applied in this test to identify the response 
of the mechanical model to only fluid production and volume 
changes. Detailed information on the data used for input and 
the calculations used in the model can be found in Data S1 and 
S2 and Table 1.

The main simulation results are summarised in Figure 5 using 
mode box diagrams showing the evolution of the predicted 
mineral modes and the volume of fluid extracted from the 
system (both expressed in vol.%) along the P–T trajectory. The 
first model, shown in Figure 5a, assumes continuous fluid ex-
traction, as described by Vho et al. (2020). In this model, fluid 
is continuously extracted over a series of P–T increments with-
out interruption, driven by the onset of a dehydration reaction 
and the production of a free fluid phase. In contrast, the sec-
ond model (Figure 5b) incorporates the integrated mechanical 
model where fluid extraction is driven by mechanical failure. 
This approach can result in episodic (i.e., at specific modelling 
steps) extraction, where fluid production and extraction occur 
over one or more P–T increments. These episodes can be inter-
rupted by periods during which the fluid is kept in the system. 
The full set of results, including the simulated oxygen isotope 
values for the bulk rock, the fluid and the mineral phases, is 
given in the Supporting Information.

For both models, lawsonite, glaucophane and actinolite make 
up ~80 vol.% of the system at conditions below 450°C, and 
most of the fluid is released during garnet and omphacite 

Description

Example rock

Value and comment

Fluid volume 
threshold

100 vol.% (automatic release when value is overcome, 100 = disabled)

Fluid 
connectivity

0.2 vol.% (minimum value to enable fluid pressure calculation)

Tensile 
strength

20 MPa

Differential 
stress

0 MPa

TABLE 1    |    (Continued)
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growth associated with chlorite, amphibole and lawsonite 
breakdown. This reproduces the results of Vho et al. (2020). In 
both models, the main dehydration occurs between 450°C and 
650°C. The first model predicts continuous fluid production 
and extraction at each increment, whereas the second model 
indicates a single discrete fluid extraction event at ~640°C and 

2.36 GPa, following a period of fluid accumulation within a 
fluid-filled porosity. At ~650°C, both models predict a similar 
cumulative extracted fluid volume of ~12 vol.%. In the absence 
of external fluid infiltration, the predicted mineral phases 
in both models have similar oxygen isotope signatures (see 
Figure S2-2).

FIGURE 5    |    Box mode diagrams of an unaltered metabasalt with similar model parameters as Vho et al. (2020). Both plots show the relative vol-
ume fraction to the initial rock system on the y-axis and temperature (also increasing pressure) steps on the x-axis. The volume of fluid free fluid (in 
vol.% of the total system) is shown as a dashed blue line on the right y-axis with each point representing a model step. (a) Continuous extraction: the 
free fluid phase is always fractionated when present in the system. Each blue point indicates the amount of fluid extracted (b) Fluid extraction as-
sociated with mechanical failure: the free fluid phase is fractionated only when failure is predicted by the mechanical model. Mineral abbreviations 
are after Warr (2021).
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4.2   |   Fluid Extraction Behaviour

The fluid extraction episodes predicted by the mechanical 
model were examined using the P–T path representing the geo-
therm of the previous model based on the P–T path of (Gerya 
et al. 2002; see Figure 3). Two rock types were studied, a meta-
basalt (unaltered basalt composition from Gale et al. [2013]) and 
a serpentinite (bulk rock composition from Ulrich et al. [2024]). 
The thermodynamic models used the internally consistent data-
set of Holland and Powell  (1998) and the tc55 and tc55_Serp 
databases, similar to Vho et al. (2020) and Kempf et al. (2020) 
(see the Supporting Information for details). For the mechanical 
model, the serpentinite is assumed to have a low competence 
(S = 3 MPa), while the metabasalt is assumed to have a high com-
petence (S = 20 MPa). Simulations were performed for a range 
of differential stress values ranging from 0 to 500 MPa for the 
metabasalt and from 0 to 50 MPa for the serpentinites. However, 
differential stresses exceeding ~100 MPa are beyond the upper 

limit recommended by Moulas et al. (2019). Results above this 
threshold are therefore shown only for sensitivity testing and are 
not used in the main interpretation. Details of each model are 
given in Data S1. Figure 6a,b shows the mode box plots for both 
lithologies using a differential stress of 50 MPa for both rock 
types, which is an average value taken from the compilation in 
Figure 4b.

The metabasalt simulation predicts two distinct episodes of fluid 
extraction, both associated with pure extensional failure (red di-
amonds in Figure 6a). Prior to the first episode, which begins at 
~510°C, the breakdown of chlorite, amphiboles and lawsonite 
produces ~6 vol.% of fluid-filled porosity. At ~510°C, the me-
chanical model predicts pure extensional failure allowing fluid 
to be extracted from the system. This episode is associated with 
chlorite breakdown, garnet and quartz growth. Subsequent me-
chanical failures continue during ongoing fluid production from 
amphiboles and lawsonite to ~575°C, forming a series of failure 

FIGURE 6    |    Modelling of metabasalt and serpentinite systems for a range of differential stress values. (a-b) Mode box diagram of the metabasalt 
and serpentinite with the evolution of the fluid-filled porosity (dashed blue line). Diamond marker show the type of mechanical failure and episodes 
of fluid extraction from the system. (c-d) Cumulative fluid volume extracted from the system and number of fluid extraction steps vs. values of dif-
ferential stress. Domains of failure mode are colour coded for pure extensional failure (red), extensional shear failure (green) and compressive shear 
failure (blue). The used differential stress of 50 MPa in model of (a) and (b) are annotated in (c) and (d), respectively. See text for modelling details. 
Mineral abbreviations are after Warr (2021).
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events and fluid release episodes. After this period, no further 
failure episode is predicted and fluid-filled porosity begins to ac-
cumulate due to the continued dehydration of amphiboles and 
lawsonite. At ~575°C, a second failure episode is predicted, co-
inciding with the disappearance of lawsonite and the formation 
of zoisite. This episode, also involving pure extensional failure, 
results in the extraction of ~3 vol.% of fluid. Following this ep-
isode, only minor amounts of fluid (~1 vol.%) are generated as 
pressure and temperature continue to increase.

In the serpentinite simulation, four distinct episodes of me-
chanical failure and fluid extraction are predicted, all associ-
ated with compressive shear failure (Figure 6b). The first major 
release occurs at ~460°C during the consumption of chlorite, 
the dehydration of brucite and antigorite and formation of ol-
ivine. This episode is responsible for the extraction of ~1 vol.% 
fluid. After this episode, fluid production increases, reaching 
several volume percent per modelling step. Once brucite is com-
pletely consumed, compressive shear failure is predicted and a 
large fluid amount of ~14 vol.% is extracted in a single episode. 
Subsequently, chlorite continues to break down, producing fluid 
and stabilising additional antigorite. Antigorite breaks down at 
~670°C, forming chlorite, orthopyroxene and olivine. This pro-
cess initiates a series of compressive shear failures, responsible 
for the extraction of ~10 and 5 vol.% of fluid over a 50°C interval. 
At the end at ~800°C, the model predicts a last failure episode 
associated with pure compressive shear and is linked to the de-
hydration of chlorite.

4.3   |   Sensitivity of the Mechanical Model

The sensitivity of the model to differential stress was tested for 
the metabasalt and the serpentinite. The results are shown in 
Figures 7c,d with an addition in Figure S2-3. A tensile strength 
value of 20 MPa was taken for the rocks at various differential 
stress values. The same P–T path of Gerya et al. (2002) was used 
for the simulations. All modelling details are summarised in the 
Supporting Information.

For the metabasalt, an increase in differential stress leads to 
more extraction steps if the differential stress remains below 4S 
(≤ 80 MPa), which corresponds to the pure extensional failure 
domain (Figure 6c). At zero differential stress, a single fluid ex-
traction event is predicted, as shown in the mode box diagram 
(Figure 5b). As the differential stress increases beyond 27 MPa, 
the number of extraction steps increases to five, resulting in a 
cumulative increase in fluid extraction from ~12.10 vol.% to 
~12.70 vol.% . Within the pure extensional domain, the high-
est cumulative fluid extraction (~12.75 vol.%) occurs at 80 MPa 
and involves six extraction steps. Beyond this threshold, in the 
hybrid extensional-shear domain, the extraction pattern shifts 
(Figure S2-3), resulting in fewer extraction steps (4–5) but a 
larger cumulative fluid volume of up to ~13.4 vol.% . When test-
ing very high differential stress values above 5.66 S (> 113 MPa), 
representing compressive shear failure, the model predicts the 
highest fluid release (~14.2 vol.%) with up to 14 extraction steps 
(Figure S2-3b). However, at such high stresses, the assumption 
that lithostatic pressure equals mean stress is no longer valid. 
These values are therefore presented only for sensitivity testing 
and are not included in our main model analysis.

The sensitivity test for the serpentinite simulation indicates that 
the mechanical model predicts brittle extensional failure at low 
differential stress values below 4S (< 12 MPa). Within this pure 
extensional domain, fluid extraction ranges from 16 vol.% to 
30 vol.%, corresponding to 4 to 8 extraction events, respectively 
(Figure 6d). The upper limit of 30 vol.% is close to the maximum 
amount of fluid that can be extracted (see Figure S2-3c for com-
parison). For differential stress increases between 4S (12 MPa) 
and 5.66S (17 MPa), the model predicts a transition to hybrid 
extensional-shear failure. In this domain, the number of ex-
traction events decreases to three, with a cumulative fluid ex-
traction of approximately 29 vol.% (Figure S2-3d). At differential 
stresses above 17 MPa, the system enters the compressive shear 
failure domain, where the number of extraction events increases 
to five, resulting in a maximum cumulative fluid extraction of 
~31 vol.%.

The sensitivity of fluid extraction to tensile strength and bulk 
rock composition is summarised in the Supporting Information. 
Simulations of tensile strength variations were performed for 
the metabasalt model (Figure  S2-4). In addition, bulk rock 
composition sensitivity tests included the standard metabasalt 
composition, the average metabasalt from Winter  (2014) and 
the bulk compositions from Belgrano and Diamond  (2019). 
For these tests, a 20 MPa tensile strength was applied to rocks 
under varying differential stress conditions. Details and mod-
elling parameters are given in the Supporting Information, spe-
cifically Figure S2-5. Overall, an increase in tensile strength of 
10 MPa shifts the onset of the same failure pattern by 20 MPa. 
Meanwhile, modifications to basaltic composition result in a 
lower cumulative extracted fluid volume. The lowest fluid ex-
traction values were observed in the bulk rock composition with 
the lowest K2O and highest FeO content compared to both the 
average and primary basalt compositions.

5   |   Discussion

In the combined model implemented in ThorPT, fluid extraction 
is restricted when brittle failure occurs, i.e., during hydrofrac-
turing, and it is assumed that 100% of the fluid present in the 
fluid-filled porosity is extracted. However, significant fluid mi-
gration in rocks is only feasible if the porosity and permeabil-
ity are sufficiently high, such as in reaction-induced nanopores 
(Plümper, Botan, et  al.  2017) or interconnected fluid net-
works along the grain boundaries (Wark et  al.  2003; Yoshino 
et  al.  2006). Generally, experimental and analytical results 
show that fracturing represents a rapid enhancement of the per-
meability in a rock by crack growth and surface enlargement 
(Nguyen et al. 2020; Sun et al. 2015). Cracks and fractures serve 
as flow channels representing conduits of high permeability 
(Ague  2011; Norton and Knapp  1977; Gold and Soter  1984). 
Regions of high fluid flow can be recorded by features such as 
crack-seal veins (Ramsay 1980) or allow the drainage of the fluid 
from the rock system (Peacock 2009). These fluid releases can 
then be followed by earthquakes (Viete et al. 2018).

The ThorPT petrochemical model is further evaluated below, 
starting with the calculation method for volume changes. Key 
model parameters are then examined, including those of the 
mechanical model, the magnitude of pressure and temperature 
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FIGURE 7    |     Legend on next page.
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increments and a potential threshold for a maximum fluid-filled 
porosity. The inclusion of differential stress as an additional 
deformation parameter increases the sensitivity of the failure 
mechanism of the mechanical model to fluid production and 
volume changes (Figure  6). Finally, the model is discussed in 
terms of its applicability to natural case studies by compar-
ing the model results with natural observations from high-
pressure rocks.

5.1   |   Reactivity of the System During Increasing 
Pressure and Temperature

Gibbs free energy minimisation is performed at each P–T in-
crement to simulate the instantaneous re-equilibration of the 

reactive system. This approach does not take into account the 
transient small volume changes that occur during the increase 
in P and T prior to the reaction if during the increment the pre-
vious mineral assemblage remains metastable. Since the molar 
volume of a metastable phase is pressure and temperature de-
pendent, transient fluid pressure changes can occur prior to the 
reaction (see Section 2.2). To assess the effect of these volume 
changes, an unaltered basaltic rock composition was modelled 
under two scenarios: (1) a total volume increase of the system 
and (2) a total volume decrease of the system.

In Scenario 1, the rock system undergoes a continuous devol-
atilisation reaction with volume increase during garnet 
growth. The system evolves from an arbitrary Stage 1 at 500°C 
and 2 GPa to a Stage 2 at 550°C and 2.15 GPa. A much larger 

FIGURE 7    |    Conceptual model illustrating density and volume changes from the metastability test results. (a) Scenario I shows the system evolv-
ing through modelling stages 1 to 2.3. Stage 1 represents the initial conditions, where the system is in thermodynamic and mechanical equilibrium at 
500°C and 2.00 GPa. In Stage 2, conditions increase to 550°C and 2.15 GPa. Stage 2.1, the volume of the metastable phases change, leading to densifi-
cation and a decrease in total system volume. In Stage 2.2, the system reaches thermodynamic equilibrium, producing garnet and fluid. This reaction 
decreases the density of the system and increases the total system volume, increasing the fluid pressure, as indicated by the black arrow in the valve 
mechanism. Finally, in Stage 2.3, mechanical failure occurs, causing fluid extraction, which results in further densification and a reduction of the 
total system volume. The grey dashed line marks the reference density from Stage 1, while the black solid box remains a constant size relative to the 
system volume at Stage 1. (b) Scenario II follows a similar progression but begins with different initial conditions of 450°C and 1.82 GPa. In Stage 2, 
conditions increase to 500°C and 2.02 GPa, leading to densification and a decrease in total system volume. In Stage 2.2, the system reaches thermo-
dynamic equilibrium, producing garnet and fluid; however, due to a steeper Clapeyron slope, the reaction leads to a further decrease in volume and 
a fluid pressure below lithostatic values, as indicated by the black arrow in the valve mechanism. In Stage 2.3, the system remains intact without me-
chanical failure, undergoing densification while retaining fluid within a fluid-filled porosity. However, fluid extraction and additional densification 
may still occur if the transient volume change in Stage 2.1 is large enough (see Figure 8b), particularly under differential stress. It should be noted 
that the microscopic representation of the process is for illustrative purposes only, and that the models discussed in the text are macroscopic. The 
abbreviation “TE” indicates thermodynamic equilibrium.

TABLE 2    |    Calculated volume changes associated with persistence of metastable phases.

Scenario I—Volume increase

System condition Temperature [°C] Pressure [GPa] volume [cm3] density [g/cm3]

Stage 1 500 2.00 240.9220 3.1608

Stage 2.1 550 2.15 240.8869 3.1612

Stage 2.2 550 2.15 241.6341 3.1514

Stage 2.3 550 2.15 239.6871 3.1674

Clapeyron slope dP/dT 
[bar/°C]

Pf Stage 1
– > Stage 2.2

Pf Stage 2.1
– > Stage 2.2

Ratio Pf's Resulting pressure 
increase

30.0 1.66 1.71 1.03 121.0 MPa

Scenario II – Volume decrease

System condition Temperature [°C] Pressure [GPa] volume [cm3] density [g/cm3]

Stage 1 450 1.82 173.0722 3.2296

Stage 2.1 500 2.02 172.9238 3.2323

Stage 2.2 500 2.02 172.2226 3.2633

Stage 2.3 500 2.02 165.6666 3.3455

Clapeyron slope dP/dT 
[bar/°C]

Pf Stage 1
– > Stage 2.2

Pf Stage 2.1
– > Stage 2.2

Ratio Pf's Resulting pressure 
increase

41.0 0.88 0.9 1.02 39.3 MPa
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FIGURE 8    |     Legend on next page.
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temperature increment is considered here to explore the effect 
of metastable persistence on the fluid pressure. At Stage 1, the 
predicted stable mineral assemblage consists of omphacite, 
muscovite, tremolite, glaucophane, epidote, hematite, law-
sonite, quartz and rutile. In Stage 2, garnet and fluid become 
stable, along with epidote, quartz, omphacite, lawsonite and 
rutile. The molar volumes of the phases were calculated using 
Theriak. The density and volume changes at each stage are 
summarised in Table 2 and illustrated in Figure 7a (see Data S3 
for modelling details). The Clapeyron slope for this reaction is 
30 MPa/°C. At Stage 2.1, the metastable system results in only 
a slight densification of the system, increasing from 3.1608 g/
cm3 to 3.1612 g/cm3, corresponding to a total system volume 
decrease of 0.01 vol.%. However, after re-equilibration at Stage 
2.2, the system density decreases to 3.1514 g/cm3, reflecting a 
0.29 vol.% increase due to fluid production and the presence 
of a free fluid phase (Figure  7a). The transition from Stage 
2.1 to Stage 2.2 is associated with an even greater increase in 
total system volume of 0.31 vol.%, because of the total system 
volume decrease of the metastable system at Stage 2.1 com-
pared to Stage 1. In both cases, the production of fluid at Stage 
2.2 results in an increase in fluid pressure as visualised by 
the valve mechanism in Figure 7a. The large calculation step 
from Stage 1 to Stage 2.2 results in a fluid factor value of 1.66 
(see Equation  11), corresponding to a theoretical pre-failure 
fluid pressure of 3.57 GPa in a perfectly sealed system. In real-
ity, hydraulic failure would occur before reaching this value. 
Similarly, the transition from Stage 2.1 to Stage 2.2 yields a 
fluid factor of 1.71, corresponding to 3.69 GPa. An increase of 
120 MPa is observed between the two cases. Assuming no dif-
ferential stress and a rock with a tensile strength of 20 MPa 
under a lithostatic pressure of 2.15 GPa, the critical fluid fac-
tor for pure extensional failure is given by the lithostatic pres-
sure and the tensile strength:

This suggests that in both cases, the system unequivocally un-
dergoes brittle failure at multiple stages along the P–T path, 
leading to fluid extraction and an associated densification to 
3.1674 g/cm3 (Table 2). These results highlight the critical role 
of fluid pressure increases coupled with stable or metastable 
volume changes, which are responsible for fluid-induced brit-
tle fracturing during metamorphism, particularly when fluid 
factors approach the critical threshold of 1.01. Values close 
to 1.01 can be identified in Figure  8a (yellow curve) during 
the blueschist-to-eclogite transition. The yellow curve shows 

the fluid factor values of the modelling results presented in 
Figure 6a.

In Scenario 2, the rock system undergoes a similar continuous 
devolatilisation reaction with volume decrease during garnet 
growth. The system evolves from Stage 1, at 450°C and 1.82 GPa, 
to Stage 2, at 500°C and 2.02 GPa. In Stage 1, the predicted min-
eral assemblage is clinopyroxene, chlorite, muscovite, tremolite, 
glaucophane, lawsonite and titanite. In Stage 2, garnet and fluid 
become stable, along with omphacite, muscovite, tremolite, 
glaucophane, lawsonite and rutile. The volume and density of 
the system at each stage are summarised in Table 2 and shown 
in Figure  7b (see Data S3 for modelling results). This model-
ling step represents a Clapeyron slope of 41 MPa/°C. The cal-
culated metastable system at Stage 2.1 (Figure 7b) results in a 
densification of the system from 3.2296 g/cm−3 to 3.2323 g/cm−3 
compared to Stage 1 (Table 2). This densification is associated 
with a total volume decrease of 0.08 vol.% (Table  2). The re-
equilibration of the system at Stage 2.2 (Figure 7b) results in an 
increase in system density from 3.2296 g/cm−3 to 3.2633 g/cm−3 
compared to Stage 1. This reaction to Stage 2.2 is associated 
with a 0.04 vol.% decrease even with the production of a free 
fluid phase (Table 2, Figure 7b). The calculated fluid factor be-
tween Stage 1 and Stage 2.2 of 0.88 corresponds to a fluid pres-
sure of 1.77 GPa and to a fluid factor of 0.89 and a fluid pressure 
of 1.81 GPa between Stage 2.1 and Stage 2.2. This results in a 
fluid pressure increase of 39.2 MPa when the volume change of 
the metastable phases is taken into account. In both cases, the 
conditions are not sufficient to induce brittle failure and there-
fore no fluid extraction occurs.

The increase in fluid pressure becomes particularly significant 
as the fluid factor approaches the critical threshold. Figure 8b 
shows a comparison between the fluid factor of the standard 
model (orange curve) and the larger fluid factor in Scenario 
2 (red curve). Values initially below the critical threshold rise 
above the threshold as a result of the transient volume changes 
and associated pressure changes. However, the 50°C increment 
used in Scenario 2 is relatively large compared to the 10°C in-
crement used in the standard models. A smaller step size results 
in a less pronounced increase in the fluid factor (pink curve in 
Figure 8b), meaning that the transient volume change has a less 
critical—though still meaningful—effect. Testing even smaller 
P–T increments (1°C and 100 MPa) in the metabasalt model pro-
duces a similar total volumetric fluid output compared to the 
result in Figure  6a (see Figure  S2-7), but shows an earlier in-
crease in the fluid factor because the major dehydration reac-
tions of amphiboles, lawsonite and chlorite occur earlier at P–T 

(13)
Plithostatic + S

Plithostatic
∼ 1.01.

FIGURE 8    |    Effects of transient volume changes and the modelling increment step on the model results. a) Simulated fluid factor for two mod-
els with different kinetic barriers—one with a higher kinetic barrier (default model) and one with a lower kinetic barrier—using S = 20 MPa and 
Δδ = 50 MPa (as in Figure 6a). Coloured bars indicate the duration of the blueschist-to-eclogite transition and the associated fluid extraction for both 
simulations. (b) A zoomed-in view of fluid factor values during the blueschist-to-eclogite transition and at higher pressures. The increase in fluid 
factor due to transient volume changes is shown for different temperature steps: 50°C (red line), 10°C (pink line) and 1°C (green line). A fluid factor of 
1 corresponds to fluid pressure equal to the lithostatic pressure. The critical fluid factor exceeds 1 due to the tensile strength of the rock (black line). 
When differential stress increases, the critical fluid pressure can drop below 1 (grey line, using Δδ = 50 MPa). (c) Example of Mohr–Coulomb diagram 
from an unmodified basalt simulation with S of 20 MPa and Δδ of 50 MPa. Coloured regions are the fractured (red) and intact (blue) regions. Dashed 
black lines represent the Mohr circle at different modelling steps, with the red line indicating the failure envelope. Arrows illustrate the calculated 
shift of the Mohr circle when metastable feedback and temperature increments are incorporated into the failure model.
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increments that were not encountered by the default model (see 
purple curve in Figure 8a). In addition, smaller P–T increments 
result in much smaller transient volume changes, as shown by 
the green curve in Figure 8b.

The combined effects of increment size and transient vol-
ume change are visualised in the Mohr–Coulomb diagram 
(Figure 8c). A 10°C increment causes a ~7 MPa fluid pressure 
shift (red arrow), moving the Mohr circle (dashed black) closer 
to the failure envelope (red). In contrast, a 1°C increment 
shifts it by less than 1 MPa, making failure initiation negli-
gible. The smaller increment model simulates gradual fluid 
production and transient extraction during the blueschist-to-
eclogite transition (Figure 8a). Veins in eclogites might suggest 
pulsed internal fluid release via mineral breakdown, linked 
to shear or tensile failure (Angiboust et  al.  2011; Angiboust 
and Raimondo 2022; Philippot and Selverstone 1991; Strating 
and Vissers 1991; Taetz et al. 2018; Yamato et al. 2019; Huber 
et al. 2024; Giuntoli et al. 2018). This indicates fluid extraction 
may not always be continuous, unlike the smaller increment 
model. Instead, the default model, with a larger reaction bar-
rier, better captures periodic fluid extraction during brittle 
failure (Figure 6a).

Additionally, Figure  8b shows that differential stress low-
ers the critical fluid factor below 1, similar to the transient 
volume change effect at a 10°C increment (pinkish line). 
Seismic studies observe a comparable influence: Warren-
Smith et  al.  (2019) and Condit and French  (2022) link slow 
slip events (SSEs) to episodic failure and fluid overpressure 
under 55–80 MPa differential stress, aligning with the meta-
basalt model. Given these observations, a minimum of 50 MPa 
differential stress is recommended for the integrated model, 
especially with a 10°C increment.

Two scenarios are considered: Scenario I represents a total sys-
tem volume increase, while Scenario II represents a total system 
volume decrease, each corresponding to a different Clapeyron 
slope (see Figure 3). See text for details.

5.2   |   Parameters of the Mechanical Model

The interplay between mechanical competence, dehydration 
reactions and mineral assemblage strongly influences fluid 
extraction. At differential stress values of several tens of MPa, 
the mechanical model reveals distinct lithological responses 
(Figure  6c,d). In weaker lithologies like serpentinite, failure 
at low differential stress extracts a significant portion of fluid, 
with shifts from extensional to shear failure occurring above 
12 MPa (Figure 6d). Despite changes in failure mode, cumu-
lative fluid extraction remains largely constant, as failure re-
mains linked to large fluid release episodes. In contrast, the 
metabasalt model shows increasing stress (> 30 MPa) leads 
to more extraction steps and higher fluid volumes. Beyond 
80 MPa, shifts in failure mode further amplify extraction 
events, raising cumulative fluid output by 1–2 vol.%. These re-
sults, supported by tensile strength and basaltic composition 
tests (Figures S2-3 and S2-4), emphasise how stress conditions 
and mineralogy regulate fluid release. A constant value for 

differential stress is a first-order assumption and a more ac-
curate model of these mechanisms would require 2D or 3D 
microscopic models. Ultimately, variations in extraction fre-
quency and volume may affect fluid distribution within the 
subducting slab, influencing the stability of hydrous minerals 
and fluid transfer to the mantle, with wider implications for 
mantle wedge hydration.

The model presented here predicts brittle failure as a func-
tion of volume and pressure changes, assuming all extracted 
fluid is released upon failure due to pore interconnectivity. In 
the absence of failure, fluid remains trapped as fluid-filled po-
rosity, potentially enabling deeper transport of fluid into the 
mantle (Figures 5b and 6). Geophysical studies suggest high 
fluid pressures near lithostatic values and fluid-filled poros-
ities up to 4 vol.% within a 5 km-thick layer of the subducting 
plate at 20–40 km depth, linked to oceanic crust dehydra-
tion (Abers et al. 2009; Audet et al. 2009; Egbert et al. 2022; 
Gosselin et  al.  2020; Kodaira et  al.  2004; Peacock  2009; 
Peacock et al. 2011; Shiina et al. 2013). For differential stresses 
above 30 MPa, our model predicts fluid porosities compara-
ble to these estimates. However, at lower stresses, predicted 
porosities reach 6 vol.% in basaltic rock and even higher in 
ultramafic rock, potentially enabling fluid extraction without 
brittle failure. This process may correspond to grain bound-
ary wetting (Wark et  al.  2003; Yoshino et  al.  2006), which 
suggests that fluid fractions as low as 4%—depending on the 
dihedral angle—can form an interconnected grain boundary 
network. Such a network could sustain fluid flow without re-
quiring brittle failure and sustain permeability values as high 
as 10−12 m2 (Wark et al. 2003; Yoshino et al. 2006).

An additional input variable in ThorPT allows users to set a 
fluid extraction threshold. In Figure 9, a 4 vol.% threshold is ap-
plied to the setup from Figure 6 (basalt and serpentinite com-
positions, tensile strengths of 20 MPa and 3 MPa and 50 MPa 
differential stress). Results align with previous findings, with 
amphibole, lawsonite, chlorite, brucite and antigorite dehydra-
tion triggering brittle failure and fluid extraction. However, in 
the basalt model, an extra extraction step occurs below 500°C, 
preceding a ~6 vol.% fluid release just above 500°C. In the ser-
pentinite model, fluid production from brucite and antigorite 
breakdown (~500°C) is now coupled to the porosity threshold, 
extracting 10 vol.% and 6 vol.% before brittle failure, consistent 
with Figure 6b. Both models show that mechanical failure and 
porosity thresholds allow some fluid retention, enabling the 
transport of fluids to greater depths, supporting these afore-
mentioned geophysical observations.

5.3   |   Time-Integrated Fluid Flux and Permeability

Distribution of the fluid at depth is ultimately governed by 
the permeability of a rock, which can be estimated by the 
amount of fluid extracted over time calculated from the time-
integrated fluid flux (Ague  2014; Bovay et  al.  2021; Manning 
and Ingebritsen 1999). The mass of fluid produced per unit of 
initial volume of rock ( fmv,fluid) can be calculated using

(14)fmv,fluid = fm,fluid ∗�solid ∗
(

1 − fv,fluid
)
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with ρsolid as the density of the solid, 𝑓m,fluid as the mass frac-
tion of fluid and 𝑓v,fluid the volume fraction of fluid. The time-
integrated fluid flux can then be calculated from

with L the length of the initial volume and A the surface of the 
initial volume. By default L is equal to 1 m and A equal to 1 m2. 
From this the permeability can be calculated as

with dt the time step, g the gravitational constant, ρfluid the 
fluid density and μfluid the fluid viscosity, which is assumed 

to be constant at ~1 × 10−4 Pas. Figure 10 shows the calculated 
permeability of the fluid extraction steps from the modelling 
results shown in Figure 9. The average time step in our sim-
ulations is approximately 0.1 Ma, corresponding to a step size 
of 10°C, 500 MPa and ~2 km burial depth increments. Larger 
or smaller step sizes will proportionally affect the magnitude 
of volume changes and fluid production per step, while the cu-
mulative amount of extracted fluid stays the same, as demon-
strated in the sensitivity tests provided in Figure S2-6. While 
these assumptions simplify the model, they may produce arbi-
trary absolute permeability values and timing of fluid release. 
Nevertheless, the calculated values of fluid extraction from 
the metabasalt and the serpentinite model shows a strong 
overlap with the values calculated for natural subducted 
mafic samples from the Theodul Glacier Unit (TGU) by Bovay 
et al. (2021).

5.4   |   Fluid Extraction in Serpentinites 
and Associated Textures

Serpentinites play an important role in subduction zones due 
to their high fluid storage capacity and large amounts of fluid 
extracted during dehydration reactions (Kempf et  al.  2020; 
Padrón-Navarta, Tommasi, et al. 2010; Schmidt and Poli 2014; 
Ulrich et al. 2024).

The serpentinite model presented in Figure 9b predicts a large 
increment of fluid production at the onset of the brucite and 
antigorite breakdown reaction. Multiple brittle shear failure 
events are predicted by the model during the first dehydration 
reaction of brucite and antigorite as both the amount of fluid 
released and the amount of olivine increase. The associated 
formation of olivine during brittle shear failure is consistent 
with the natural occurrence of textures (i) to (iv) observed in 
the Western Alps (Ulrich et  al.  2024). Figure  10 shows the 
calculated permeability for the modelled fluid extraction ep-
isodes for the serpentinite (same settings as in Figure 9b). For 
the first episode of olivine formation and dehydration start-
ing at ~450°C, the extracted fluid is assumed to pass over a 
1 m2 surface when produced from 1 m3 of serpentinite. The 
calculation results in permeability values of 10−20 to 10−19 m2 
(Figure 10). Because permeability scales directly with the as-
sumed discharge volume and surface, varying the surface area 
strongly affects the results: for example, assuming a smaller 
surface area of 0.01 m2, which could represent a crack net-
work, increases permeability by an order of magnitude with a 
lower limit of 10−18 m2. This is relatively low compared to ex-
periments linking a high porosity above 4 vol.% with the inter-
connection via dihedral angle and a permeability of 10−12 m2. 
The model results instead represent how an interconnected 
fluid network with minor fluid flow could be maintained at 
fluid-filled porosities below 4 vol.% due to brittle failure.

A second episode of olivine formation during the final anti-
gorite breakdown at ~670°C is associated with a large fluid 
production of ~10 vol.% in total (Figure 5b). The serpentinite 
model predicts brittle shear failure associated with the fluid 
production. This series of brittle failure events is associated 
with a second phase of olivine formation. Additionally, or-
thopyroxene and chlorite are predicted to be stable. These 

(15)qint =
fmv,fluid ∗L

�fluid ∗A

(16)k =
qint

dt∗�fluid ∗ g∗
(

�solid − �fluid
)

FIGURE 9    |    Mode box diagram of a metabasalt und serpentinite 
model including the threshold option in addition to the mechanical 
model. (a) Metabasalt model using a differential stress of 50 MPa and a 
tensile strength of 20 MPa. One additional extraction is visible marked 
as blue diamond, which is associated to the threshold mechanism be-
fore to brittle failure predicted also in Figure 6a. (b) Serpentinite mod-
el using a differential stress of 50 MPa and a tensile strength of 3 MPa. 
Two additional fluid extraction steps are visible, which are linked to 
the threshold mechanism before the original brittle failure compared 
to Figure 6b.

 15251314, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.70015 by Schw
eizerische A

kadem
ie D

er, W
iley O

nline L
ibrary on [21/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



20 Journal of Metamorphic Geology, 2025

results are consistent with the textures (v) to (vii) described 
by Padrón-Navarta, Tommasi, et al. (2010) and Trommsdorff 
et  al.  (1998). Calculated permeability results in high values, 
slightly above 10−18 m2, assuming the discharge surface of 
0.01 m2 (Figure 10). Small fractures on the micrometre to milli-
metre scale and grain size reduction of olivine associated with 
brittle failure have been documented in samples from Cerro 
del Almirez (Jabaloy-Sánchez et  al.  2022; Padrón-Navarta, 
Tommasi, et al. 2010; Trommsdorff et al. 1998) and could be 
associated with the partial consumption of chlorite occurring 
after antigorite breakdown. The simulation of a dehydrating 
serpentinite can potentially explain brittle failure and asso-
ciated textures such as for the formation of olivine in veins, 
shear bands and/or shear zones. The associated fluid produc-
tion can therefore represent either large fluid extraction in 
structural conduits on the cm scale or possibly pervasive fluid 
flow (e.g., Bovay et al. 2021), whereas small amounts of fluid 
production may be accommodated on smaller pathways such 
as fractures or veinlets on the mm or even μm scale.

5.5   |   Link Between Metamorphism and Seismic 
Activity in Subduction Zones

The build-up of fluid pressure near lithostatic values is widely 
proposed as a key trigger for periodic SSEs in subduction zones 
(Kato et  al.  2010; Hyndman et  al. 1997; Gao and Wang 2017; 
Muñoz-Montecinos et  al. 2020; Behr and Bürgmann  2021; 
Tarling et al. 2019; Veveakis et al. 2017; Condit and French 2022; 
Hosokawa and Hashimoto  2022). This fluid pressure mecha-
nism aligns with the mechanical model presented here, which 
shows that the transport of minor volumes of fluid-filled poros-
ity and the build-up of fluid pressure can trigger episodic brit-
tle failure and fluid release within the subducting lithosphere. 
The potential link between dehydration reactions and seismic 
activity remains a topic of ongoing debate in the geological com-
munity. Seismic records in active subduction zones, such as 
Cascadia, Shikoku, Tonga and Guerrero, are often compared to 
geothermal models, as metamorphic dehydration reactions are 
strongly influenced by the P–T path (e.g., Smye and England 

FIGURE 10    |    Calculated permeability of the metabasalt (blue diamonds) and serpentinites (purple diamonds) simulation (Figure 9) from 1 m3 
of rock over a discharge surface of 1 m2 (filled symbols) or 0.01 m2 (pale symbols). Values represent the corresponding permeability when brittle 
failure occurs and associated fluid is assumed to be extracted. Purple areas highlight the duration of brucite, antigorite and/or chlorite dehydration 
and blue area represents the dehydration of chlorite, amphiboles and lawsonite. The predicted permeability over depth estimated by Manning and 
Ingebritsen (1999) is shown as a grey dashed line for reference. Permeability values from natural samples from the Theodul Glacier Unit (TGU) for 
fluid migration the oceanic crust based on oxygen isotope data are shown in the orange field are from Bovay et al. (2021). Field of impermeability 
after Ganzhorn et al. (2019).
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2023; Condit et  al. 2020; Hacker, Abers, and Peacock 2003; 
Peacock 1993).

ThorPT was used to model fluid extraction and brittle failure 
in unaltered MORB compositions under warm subduction zone 
conditions (Figure  11a). A fan-type approach with linear P–T 
paths (grey lines), similar to Rcrust (Mayne et  al. 2016), was 
applied to account for varying Clapeyron slopes and tempera-
ture differences between the slab's top and base (Peacock 1993). 
The simulations used default P–T increments and a differential 
stress of 50 MPa to accommodate metastable volume changes 
(Figure  8). Fluid extraction was triggered when brittle failure 
was predicted and/or porosity exceeded 4 vol.% (Section  5.2). 
Figure 11b,c show that brittle failure and fluid extraction occur 
primarily between 400°C–550°C and 0.75–1.75 GPa, driven by 
chlorite dehydration and volume changes. This aligns with seis-
micity in warm subduction zones, particularly in Shikoku and 
Guerrero. A major fluid release occurs between 500°C–550°C 
and 1.5–2 GPa due to lawsonite, amphibole and chlorite 

breakdown, forming garnet, rutile, zoisite and quartz. The hy-
drous minerals chlorite, amphibole and lawsonite act as pri-
mary H2O carriers in basaltic compositions in subduction zones 
(Hernández-Uribe and Palin 2019; Peacock 1993). Brittle failure 
is closely tied to omphacite formation and lawsonite stability, 
with a major fluid release at ~520°C as chlorite breaks down 
completely. Experimental data suggest that omphacite growth 
and grain size reduction in the lawsonite-eclogite field can in-
duce dehydration embrittlement (Incel et al. 2017), supporting 
the model results. At higher temperatures and pressures, brittle 
failure is less frequent, consistent with reduced seismicity in the 
upper subducting slab (Hasegawa and Nakajima  2017). These 
reactions support a link between dehydration, brittle failure 
and episodic tremor and slip events. Beyond 70 km depth, where 
ductile conditions dominate, minimal brittle failure is predicted 
(Zhan  2020). Additionally, our model results indicate that 
brittle-failure events are scarce along colder P–T paths, which 
represent the interior of the slab, compared to the warmer slab 
top. This scarcity may be linked to the observed double seismic 

FIGURE 11    |    Brittle failure and fluid extraction in P–T space for a basaltic rock composition, compared with recorded seismic activity in warm 
subduction zones. (a) Fan-type P–T paths used in the model, along with P–T paths of warm subduction zones and corresponding seismic activity 
intervals from Condit et al. (2020). (b) Mineral stability fields and key mineral reactions in the evolving basaltic rock composition. (c) Predicted fluid 
extraction associated with brittle failure, represented as node distributions. (d) Fluid extraction driven by the threshold mechanism. Metamorphic 
facies are based on Forshaw et al. (2024).
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zone (e.g., Hasegawa and Nakajima 2017; Igarashi et al. 2001; 
Hacker, Peacock, et al. 2003; Kita et al. 2006; Sippl et al. 2022). 
Modelling these P–T paths with terrigenous pelite and ser-
pentinite (ultramafic) rock compositions reveals distinct failure 
patterns: the pelite model exhibits singular hybrid extensional-
shear failure events, whereas the serpentinite model shows a 
strong association between compressive shear failure and the 
breakdown of hydrous phases such as chlorite, brucite and 
antigorite (Figure S2-7). This brittle failure in the serpentinite 
model, linked to hydrous phase breakdown, could further sup-
port the connection between dehydration processes and the 
occurrence of the double seismic zone, as suggested by Hacker, 
Peacock, et al. (2003).

At temperatures above 500°C, where brittle failure is not pre-
dicted, fluid is released during the blueschist-to-eclogite tran-
sition once the 4 vol.% threshold is reached, depending on 
amphibole stability. The accumulation of sufficient fluid volume 
for extraction or the build-up of fluid pressure capable of induc-
ing brittle failure highlights the episodic nature of fluid release 
in subduction zones. This process may play a key role in mass 
transfer from the subducting slab to the mantle wedge (e.g., 
Hacker 2008; van Keken et al. 2011).

6   |   Conclusion

The development of a combined petrochemical and mechani-
cal model is critical for our understanding of how metamorphic 
reactions are coupled with brittle failure of rocks during major 
dehydration reactions. ThorPT allows the user to set up a simu-
lation tailored to the geological problem of interest on a custom-
ised P–T path.

The results presented show that the volume changes caused by 
metamorphic reaction and associated fluid production are suf-
ficient to initiate brittle failure even for rheologically competent 
materials such as basaltic rocks (represented by 20 MPa for ten-
sile strength). Serpentinites with less competent rheologies have 
a higher potential for brittle failure and are more sensitive to 
mechanical stress. A higher mechanical resistance or low differ-
ential stress values can lead to episodic failure events.

Brittle failure and crack formation are known to increase rock 
permeability, and this study assumes that fluid is extracted 
when brittle failure occurs, in particular by hydrofracturing. 
In episodically failing rocks, this leads to distinct episodes of 
significant fluid extraction, in contrast to models that assume 
a continuous, gradual release of fluid within the crust. These 
episodic fluid extraction events further reinforce the connec-
tion between metamorphic fluids and episodic tremor and slip 
events in subduction zones, as suggested by numerous studies. 
Specifically, in basaltic crust within subduction zones, warmer 
geotherms—such as those near the top of the slab—promote 
mechanical triggering associated with dehydration reactions. 
This is due to volume changes occurring at lower Clapeyron 
slopes, enhancing the likelihood of brittle failure and fluid 
release.

Application of the model to subduction zone metamor-
phism shows that episodic and large fluid flows can be 

associated with brittle failure, compatible with field observa-
tions. Consequently, pulsed and localised fluid distribution in 
the crust may have implications for fluid migration dynamics 
and mass transfer.
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Thermodynamic databases (tc55.txt, tc55_SERP.txt). 
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