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Abstract

Solid volume increases during the hydration of mantle rocks. The fluid pathways
necessary to feed the reaction front with water can be filled by the low density
reaction products. As a result, the reaction front dries out and the reaction
stops at low reaction progress. This process of porosity clogging is generally
predicted to dominate in reactive transport models, even when processes such
as reaction-induced fracturing are considered. These predictions are not con-
sistent with observations at mid-ocean ridges where dense mantle rocks can be
completely replaced by low density serpentine minerals. To solve this issue, we
develop a numerical model coupling reaction, fluid flow and deformation. High
extents of reaction can only be achieved when considering that the increase in
solid volume during reaction is accommodated through deformation rather than
porosity clogging. The model can generate an overpressure that depends on the
extent of reaction and on the boundary conditions. This overpressure induces
viscoelastic compaction that limits the extent of the reaction. The serpentinisa-
tion rate is therefore controlled by the accommodation of volume change during
reaction, and thus by deformation, either induced by the reaction itself or by
tectonic processes.

Keywords: serpentinisation, numerical model, reaction rate, tectonic
deformation, solid volume increase, fluid pathways, porosity clogging,
crystallisation pressure.

1. Introduction

Olivine, the main component of mantle peridotites, hydrates at temperature
below ∼ 400 ◦C to form serpentine ± brucite ± magnetite ± hydrogen (Evans,
1977). This so-called reaction of serpentinisation requires fluid transport along
pathways often formed by tectonic deformation. In marine geodynamic settings,5
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the fluid pathways include detachment faults at slow-spreading mid-ocean ridges
(Cannat, 1993; Escart́ın et al., 2008; Rüpke and Hasenclever, 2017), bend-faults
at ocean trenches (Ranero et al., 2003; Van Avendonk et al., 2011), and ex-
tensional faults at passive margins (Bayrakci et al., 2016). Here we focus on
serpentinisation during mantle rock exhumation in the footwall of detachment10

faults at slow spreading mid-ocean ridges.
Serpentinisation induces changes in the behaviour of the oceanic lithosphere

due to strong differences in the physico-chemical properties of the reactants and
the products. Serpentine content above ∼ 10 % reduces the rock strength by
decreasing the friction coefficient from 0.6 to ∼ 0.4 (Escart́ın et al., 1997) with15

consequences on the rheology of the detachment faults active at mid-ocean ridges
(Bickert et al., 2020). Magnetite is a ferrimagnetic mineral with a magnetisa-
tion four orders of magnitudes higher than olivine (Malvoisin et al., 2012b). Its
precipitation during serpentinisation can generate magnetic anomalies on the
seafloor (Szitkar et al., 2014). Hydrogen is an energy source for chemosynthetic20

organisms and participates in the abiotic synthesis of organic compounds pos-
sibly involved in the origin of life (Russell et al., 2010; McCollom and Seewald,
2013). Serpentinisation is also an exothermic reaction possibly modifying the
heat budget at mid-ocean ridges (Macdonald and Fyfe, 1985). Predicting the
evolution of the oceanic lithosphere thus requires to model the rate and the25

extent of serpentinisation at mid-ocean rdiges.
Serpentinisation is already modelled at the kilometre scale to investigate

its influence on hydrothermal circulation, heat budget and geodynamics (Em-
manuel and Berkowitz, 2006; Delescluse and Chamot-Rooke, 2008; Iyer et al.,
2010; Bickert et al., 2020). Reaction rate is assumed to be controlled by a sin-30

gle process in these models. Emmanuel and Berkowitz (2006) and Iyer et al.
(2010) used a law derived from experiments of olivine powder hydration (Mar-
tin and Fyfe, 1970) whereas Bickert et al. (2020) relate serpentinisation rate
to the shear deformation. It remains unclear which assumption should be pre-
ferred to model serpentinisation at large scale. Moreover, the used models are35

either incompressible, considering a constant porosity or using a parametrized
law for the evolution of porosity. Such approaches are justified by the need
to use simplifying assumptions when modelling processes at different time and
space scales. However, they cannot take into account the impact of hydration
on density and porosity whereas these parameters strongly modify deformation40

and fluid flow.
Volume change during reaction is the key parameter for modelling the cou-

plings between reaction, deformation and fluid flow. Serpentinisation induces
a change in solid volume (∆V/V ) of ∼ 50 % in a closed system (Macdonald
and Fyfe, 1985; O’Hanley, 1992). Mass transfer through aqueous species trans-45

port can reduce the increase in solid volume (Thayer, 1966; Carmichael, 1987;
Fletcher and Merino, 2001). However, Malvoisin et al. (2020b) and Klein and Le
Roux (2020) measure ∆V/V in natural samples and in experiments close to the
theoretical value for reaction in a closed system, suggesting that mass transfer is
limited, at least during the incipient stage of the reaction. The serpentinisation50

rate directly depends on the evolution of the fluid pathways during reaction.
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They initially form by thermal cracking (Demartin et al., 2004; Boudier et al.,
2010) or tectonic deformation (Rouméjon et al., 2015), and then evolve during
reaction as a consequence of ∆V/V . The precipitation of reaction products in
the pores reduces the permeability by several orders of magnitude (Godard et al.,55

2013; Farough et al., 2015). However, a porosity is observed at the nanoscale
in serpentinized peridotites (Tutolo et al., 2016). Fluid pathways could thus
be preserved during reaction, even though this should be confirmed with the
acquisition of data on pore connectivity at the nanoscale. The positive change
in volume during reaction also generates stresses (i.e. crystallisation pressure)60

sufficient to fracture the rock (Jamtveit et al., 2009; Kelemen and Hirth, 2012;
Plümper et al., 2012; Malvoisin et al., 2017).

The positive ∆V/V is considered in some models of serpentinisation. It in-
duces stress build-up and crack generation in the models of reaction-induced
fracturing (Rudge et al., 2010; Ulven et al., 2014; Shimizu and Okamoto, 2016;65

Malvoisin et al., 2017; Zhang et al., 2019). These models predict an increase
in reactive surface area during reaction and reproduce the mesh microtexture
observed in natural samples. However, they either do not take into account
Darcian flow, or they do not conserve fluid mass, and are consequently not able
to quantitatively model porosity evolution during reaction (Evans et al., 2020).70

Reactive transport models such as TOUGHREACT (Xu et al., 2011) incorpo-
rate the volumetric effect of reaction on transport properties. They predict a
strong reduction in porosity during reaction inducing a positive ∆V/V , prevent-
ing the achievement of the high extents of reaction measured in natural samples
(Liu et al., 2019; Marini, 2007). This limitation probably arises from the omis-75

sion in these models of mechanisms responsible for fluid pathways generation
or preservation. Evans et al. (2020) consider reaction-induced fracturing in a
model combining reaction and fluid flow. They were able to model the effect
on fluid pathway evolution of the competition between cracking and porosity
clogging. However, high extents of reaction (> 60 %) are only achieved in the80

cracks with limited hydration in the rock groundmass. The main issue regard-
ing serpentinisation modelling thus consists in being able to predict the high
extents of reaction observed in the natural samples.

The present contribution aims at proposing a new model of serpentinisation
addressing this issue. We derive a new set of equations to model the couplings85

between reaction, deformation and fluid flow. Based on observations in natural
samples, we consider that the solid volume increase is accommodated through
deformation rather than porosity clogging. The new model is applied to serpen-
tinisation at mid-ocean ridges in the footwall of a detachment fault. We model
fluid-rock interaction during hydrothermal circulation with a one-dimensional90

numerical model. The impact of the parameter values on the model predictions
is explored. On the contrary to previous modelling attempts, the new approach
allows high extents of reaction to be reached and reaction-induced pressure
increase to be predicted. The model is finally used to discuss the processes
controlling the serpentinisation rate.95
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2. Modelling the couplings between reaction, deformation and fluid
flow

The model considers a porous matrix of dunite reacting with water in the
stability field of serpentine + brucite. Serpentinisation is assumed to be iso-
chemical except for the addition of water based on the study of Malvoisin et al.100

(2020b). Si, Mg and Fe are thus not transported as aqueous species between
the model grid points. We use here a two-phase continuum medium approach
by defining macroscopic properties such as porosity and extent of reaction for
a mineralogical assemblage potentially composed at each grid point of both
olivine and its reaction products. This approach is valid at a scale larger than105

the olivine grain size so that the rock properties can be averaged over a signif-
icant number of grains. Olivine grains reacting during serpentinisation have a
typical size of 100 µm (Malvoisin et al., 2017). The model can thus be used
from a scale of ∼ 1 mm. The model parameters and their values are given in
Table 1. The model is based on the model developed in Malvoisin et al. (2015)110

and in Omlin et al. (2017). The thermodynamic admissibility of the systems
of equations derived below is also verified following the procedure described in
Yarushina and Podladchikov (2015) (see supplementary materials for details).

The mass conservation equations can be written for the total system as:

∂ (ρwφ+ ρs (1− φ))

∂t
+∇j

(
ρwφv

j
w + ρs (1− φ) vjs

)
= 0 (1)

,115

and for the dry solid as:

∂ (ρs (1−Xs) (1− φ))

∂t
+∇j

(
ρs (1−Xs) (1− φ) vjs

)
= 0 (2)

where Xs, φ, ρ, vj and ∇j are the mass fraction of water bound to the
solid, the porosity, the density, the j components of the velocity vector and the
j components of the del operator, respectively. The solid properties are denoted
with a subscript s, and the water properties are denoted with a subscript w. This120

particular choice of two independent mass conservation equations is motivated
by their independence on (de)hydration reactions and the absence of reaction-
related source terms.

The conservation of fluid momentum is modelled with the Darcy’s law:

φ
(
vjw − vjs

)
= − kφ

ηw

(
∇jPw + ρwge

j
z

)
(3)

where kφ is the permeability, ηw is the fluid viscosity, Pw is the fluid pres-125

sure and ejz are the components of an upward directed unit vector. Combining
equation 3 with equations 1 and 2 allows water velocity to be eliminated.

The changes in density are modelled by introducing compressibilities. The
solid compressibility and the density change during reaction contribute to the
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Symbol Definition Unit Value
L Length of the numerical model m 10−1 − 102

ρw Water density kg.m−3 1000 (at 200◦C and 50 MPa)
ρs Solid density kg.m−3 3300 (initial value)
vjw Velocity of water m.s−1

vjs Velocity of the solid m.s−1

Xs Mass fraction of water bound in the solid None 0 (initial value)
Xseq Mass fraction of water bound in the solid at

the equilibrium
None 0.126?

φ Porosity None
φ0 Initial porosity None 0.01
φp Porosity above which a porous rock has the

same reactive surface area as a powder
None 0.38

kφ Permeability m2 10−20 − 10−16

ηw Water viscosity Pa.s 10−4

g Gravity acceleration m2.s−1 9.81
ejz Unit vector along upward directed z-axis None
ηφ Pore viscosity Pa.s 1017 − 1020

τ Characteristic time for reaction s 107 − 109

Pw Fluid pressure Pa 50.106 (initial value)
Ps Solid pressure Pa 50.106 (initial value)
P Total pressure (fluid + solid) Pa 50.106 (initial value)
βd Drained compressibility Pa−1 7.10−10

β′s Solid compressibility measured in an unjack-
eted test

Pa−1 1.5.10−11

βw Fluid compressibility defined in equation 6 Pa−1 10−9 ?

βef Effective compressibility in front of Pw Pa−1

βet Effective compressibility in front of P Pa−1

βsr Change in solid density due to reaction (de-
fined in equation 4)

None 1.7?

˙εV Dilatational strain rate s−1 10−14 − 10−9

ξ Extent of reaction (ξ = Xs
Xseq

) None 0− 1

ξ̇ Serpentinisation rate s−1

t80 Time to reach 80 % of extent of reaction s

Table 1: Symbols used in the mathematical model. ?: parameter value calculated with
Perple X (Connolly, 2005)
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solid density evolution:130

1

ρs

dρs
dt

= β′s

(
dPs
dt
− P − Pw

(1− φ)
2

dφ

dt

)
− βsr

1

1−Xs

dXs

dt
(4)

where β′s is the solid compressibility measured in an unjacketed test, βsr
is the density change associated with hydration (Xs modification), and Ps is
the solid pressure. d

dt is the material derivative of the solid phase defined as
d
dt = ∂

∂t + vjs∇j . Ps is combined with Pw to calculate the total pressure (P ) as:

P = φPw + (1− φ)Ps (5)

The change in fluid density is calculated by introducing the fluid compress-135

ibility (βw):

1

ρw

dwρw
dt

= βw
dwPw
dt

(6)

where dw
dt is the material derivative of the water defined as dw

dt = ∂
∂t + vjw∇j

Finally, the change in composition (Xs) is modelled with a first-order kinetic
law:

dXs

dt
=

(
φ

φp

)2/3
Xseq −Xs

τ
(7)

where τ is the characteristic time for reaction and Xseq is the water mass140

fraction bound to the solid at the equilibrium, that is in the serpentine + brucite
assemblage. The evolution of reactive surface area during reaction is modelled
as a function of porosity with the geometrical relationship proposed by Lichtner
(1988) and Kieffer et al. (1999). φp is the minimum porosity for which a porous
rock has the same reactive surface area than a powder. We use a value of 0.38145

in the following based on the experimental results of Llana-Fúnez et al. (2007).
Equations 1, 2, 3, 4, 6, 5 and 7 form a system of nine equations in thirteen

unknowns, 7 scalars (ρw, ρs, φ, Xs, Pw, Ps and P ) and 6 vector components
(vjw and vjs). Solving this system of equations thus requires four additional
equations.150

The conservation of total momentum could first be used (Malvoisin et al.,
2015) but this would require to solve for shear stress evolution which is beyond
the scope of this study. We thus explore the behaviour of the system of equations
for two cases: (i) a constant solid volume (∇jvjs = 0); (ii) a constant total
pressure (P = constant). These approximations correspond to idealized systems155

in which reaction-induced change in volume is either not accommodated (i) or
fully accommodated (ii) by deformation. The behaviour of a real system is
expected to be intermediate between these two extreme cases. Nevertheless,
these approximations provide maximum estimates for total pressure variation
during reaction (i) and reaction-induced deformation (ii).160

The last equation necessary to close the system of equations is the equation
for solid deformation. We show below why this equation plays a key role for
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modelling solid volume change during reaction. We first present the classical
form of this equation usually used in reactive transport models. We then show
how it should be modified to take into account observations at the nanoscale of165

limited mass transfer during serpentinisation.

2.1. Classical approach

The classical approach refers here to models in which reaction-induced defor-
mation is not considered in the equations for solid deformation. This approach
is used in most of the models considering the couplings between reaction and170

deformation(Balashov and Yardley, 1998; Xu et al., 2011; Tian and Ague, 2014;
Malvoisin et al., 2015; Tian et al., 2018; Malvoisin et al., 2020a; Evans et al.,
2020; Schmalholz et al., 2020). With the classical approach, solid deformation is
modelled independently from reaction for example with a visco-elastic rheology
(Yarushina and Podladchikov, 2015):175

∇jvjs = −βd
dP

dt
+ (βd − β′s)

dPw
dt
− P − Pw

(1− φ) ηφ
(8)

where βd and ηφ are respectively, the drained compressibility and the pore
viscosity.

Re-arranging equations 1, 2, 3, 4, 5, 6 and 7 with additional equation 8
provides a closed system of three equations describing the system evolution
with three unknown scalar functions, porosity (φ), fluid pressure (Pw) and mass180

fraction of water in the solid (Xs):



dXs

dt
=

(
φ

φp

)2/3
Xseq −Xs

τ

∇j
kφ
ηw

(
∇jPw + ρwge

j
z

)
= −βet

dP

dt
+ βew

dPw
dt
− P − Pw

(1− φ) ηφ
+

(
ρs
ρw
− (1 + βsr)

)
1− φ

1−Xs

dXs

dt

1

(1− φ)

dφ

dt
=

(
βet −

β′sφ

1− φ

)(
−dP
dt

+
dPw
dt

)
− P − Pw

(1− φ) ηφ
− 1 + βsr

1−Xs

dXs

dt
(9)

where βet and βew are the total and fluid effective compressibilities, respec-
tively, defined as

βet = βd − β′s, (10)

and
βew = βet + φ (βw − β′s) . (11)

Reactive terms appear in the fluid pressure and the porosity evolution equa-
tions in 9. This implies that volume change during reaction is accommodated185

through precipitation in the pores and fluid pressure variation. Mineralogical
reactions in the presence of fluid proceed through four steps: the transport of
fluid up to the primary minerals, the dissolution of the primary minerals, the
transport of aqueous species and the precipitation of the secondary minerals
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A: Classical approach: 
no reaction-induced deformation

 and porosity clogging

B: New approach: 
reaction-induced swelling
and porosity preservation

Primary mineral

Pores
1

2

3

4

Primary mineral

1

2
3 4&

Figure 1: The two types of models to link reaction, porosity evolution and solid deformation.
Mineralogical reactions in the presence of fluid can be decomposed in four steps: fluid transport
in the pore network (1); primary mineral (in yellow) dissolution (2); aqueous species transport
(3); and secondary phase (in green) precipitation (4). A: the classical approach consists in
considering that aqueous species are transported up to the pores where precipitation occurs.
This process does not generate deformation directly. B: the new approach proposed here is
based on observations at the nanoscale showing that aqueous species transport can be limited
to a scale of less than 100 nm. As a result, the reaction products do not precipitate in the
pores but at the surface of the primary mineral. This implies that reaction induces rock
deformation (i.e. swelling; red arrows).

(Figure 1). Modelling fluid-mediated reactions thus requires to assume that190

aqueous species transport occurs. We do not consider this process in our equa-
tions, implying that the occurrence of aqueous species transport is restricted to
a scale below the spacing of the grid points in our model (< 1 mm). However, we
directly relate here porosity evolution to reaction. This implicitly requires that
mass transfer efficiently occurs at least at the micrometer scale from the olivine195

surface up to the pores (Figure 1A). This latter assumption may not be veri-
fied during hydration reactions as suggested by observations in natural samples
(Beard et al., 2009; Boudier et al., 2010; Malvoisin et al., 2020b). We propose
in the following a way to take into account these observations by modifying
equation 8.200

2.2. A new approach: reaction-induced swelling

At the submicrometre scale, Beard et al. (2009) and Malvoisin et al. (2020b)
report reaction products dominated by a serpentine + brucite mixture with a
composition similar to olivine except for the addition of water. Boudier et al.
(2010) show the presence of a ∼ 100 nm thick zone coating the olivine surface,205

and composed of pre-hydrated olivine. Serpentinisation is thus isochemical at
least at the hundred of nanometre scale with limited aqueous species transport,
probably by diffusion at grain boundaries (Tutolo et al., 2016) (Figure 1B). Such
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a replacement process with limited transport is not expected to significantly
modify the existing pores. This implies that the positive change in solid volume210

occurring during reaction is not accommodated by mass transfer up to the pores
but rather by deformation (Figure 1B). All these observations can be taken into
account by modifying equation 8 such that porosity evolution does not depend
on volume change during reaction:

∇jvjs = −βd
dP

dt
+ (βd − β′s)

dPw
dt
− P − Pw

(1− φ) ηφ
+

1 + βsr
1−Xs

dXs

dt
(12)

The last term in equation 12 is the deformation induced by solid volume215

change. With this new equation for solid momentum conservation, a new closed
system of three equations for three unknown functions, φ, Pw and Xs is obtained
by also using equations 1, 2, 3, 4, 5, 6 and 7:



dXs

dt
=

(
φ

φp

)2/3
Xseq −Xs

τ

∇j
kφ
ηw

(
∇jPw + ρwge

j
z

)
= −βet

dP

dt
+ βew

dPw
dt
− P − Pw

(1− φ) ηφ

+

(
ρs (1− φ)

ρw
+ φ (1 + βsr)

)
1

1−Xs

dXs

dt

1

(1− φ)

dφ

dt
=

(
βet −

β′sφ

1− φ

)(
−dP
dt

+
dPw
dt

)
− P − Pw

(1− φ) ηφ
(13)

2.3. Numerical methods, initial set-up and parameters

The numerical model aims at determining the conditions necessary to reach220

high reaction progress during serpentinisation at mid-ocean ridges. We build a
simple idealized model for fluid-rock interaction during hydrothermal circulation
in exhumed mantle rocks. We do not consider shear deformation and the strong
changes in rock composition occurring during extensive alteration. The model
thus rather applies to a region located outside the shear zones involved in ex-225

humation in the footwall of a detachment fault . We consider a one-dimensional
domain of length L undergoing serpentinisation at 200◦C and 50 MPa (initial
fluid and total pressures). We impose a constant fluid pressure of 50 MPa at the
model boundaries during simulation. The domain is assumed horizontal so that
gravity terms can be neglected. It is initially exclusively composed of olivine230

(dunite; Xs = 0). The initial porosity is of φ0 = 0.01 to allow for fluid transport
and reaction initiation. We predict the evolution of porosity, pressures and rock
hydration degree with the systems of equations 9 and 13 for a wide range of
model parameter values.

The numerical scheme consists in solving nondimensional versions of equa-235

tions 9 and 13 with an explicit algorithm using pseudotransient iterations Kelley
and Keyes (1998). This algorithm is validated for the system of equations 9 by
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reproducing an analytical solution in Omlin et al. (2017). We also produce an
analytical benchmark for the system of equations 13. The algorithm is validated
for this system of equations by reproducing an analytical prediction (see the de-240

rived analytical solution in the supplementary materials). The non-dimensional
equations are obtained by choosing the model scale as the length scale (δ = L),
the inverse of the compressibility as the pressure scale (p? = 1

βef0
) and the

characteristic time for viscous compaction as the time scale (t? =
ηφ
p? ). This

leads to the introduction of two nondimensional numbers describing the sys-245

tem behaviour : the Dahmköhler number comparing the characteristic times
for viscoelastic relaxation and for reaction (Da =

βef0ηφ
τ ); the Deborah number

comparing the characteristic times for viscoelastic relaxation and for viscous

compaction (De =
√

kφηφ
ηwL2 ). The non-dimensional systems of equations solved

in the numerical models can be found in the supplementary materials. For250

clarity, we present the following results with dimensional quantities.
The values of the parameters used in the model are given in Table 1. Some

parameters such as compressibility are well-constrained. βw is calculated with
Perple X (Connolly, 2005) by computing the derivative of ρw with pressure at
200◦C and 50 MPa. We also use Perple X to compute the change in solid density255

as a function of Xs that is used to calculate βsr. For the other less constrained
parameters, we provide in the following ranges of possible values which are used
to compute the Da and De values to be used in the simulations.

Observations in natural samples reveal that preferred fluid pathways sep-
arate 10 cm- to 100 m-wide domains undergoing serpentinisation (Rouméjon260

et al., 2015). We use this size range as the length of the model (L). Permeabil-
ity measured during fluid flow experiments on peridotite takes values comprised
between 10−20 and 10−16m2 (Godard et al., 2013; Farough et al., 2015). Pore
viscosity spans over four orders of magnitude (1017 to 1020Pa.s; (Hilairet et al.,
2007)). The characteristic time for dunite serpentinisation are calculated for an265

initial olivine grain size of 100 µm based on kinetic laws determined with exper-
iments on powders. The main parameter controlling reaction rate is the fluid
composition. The slower rates are measured in experiments using pure water
(τ = 2.108s) (Malvoisin et al., 2012a) whereas the faster rates are measured with
alkaline fluids (τ = 107s) (Lafay et al., 2012). We use in the following τ values270

comprised between 107s and 109s. These estimates of parameters are used to
determine Da and De values ranging from 10−1.15 to 103.8 and 10−1.5 to 105,
respectively. For each system of equations, we perform simulations with the two
assumptions of constant solid volume (i) and constant total pressure (ii). We
run 930 simulations at various De and Da values for each pair of solved equa-275

tions/assumption (4 x 930 simulations in total). The simulations are stopped
when the minimum porosity is below 10−15 or when the maximum extent of
reaction is above 99 %.

2.4. Porosity clogging with the classical approach

We first use the system of equations 9 to model serpentinisation. Reaction280

leads to fluid pressure decrease due to water consumption by reaction. This
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Figure 2: Results of simulations using the classical approach (equations 7 and 9). The evolu-
tions with time of extent of reaction (A), fluid pressure (plain line) and total pressure (dashed
line) (B), and porosity (C) are displayed. The models displayed with black and red lines con-
sider a constant volume (i) or a constant total pressure (ii) for closing the system of equations,
respectively. The blue line in subpanel A corresponds to the maximum extent of reaction pre-
dicted for a non-deforming solid matrix (ξmax; see text for details). The models are run with
kφ = 10−19m2, L = 10m, τ = 5.107s and ηφ = 1018Pa.s (De = 3; Da = 14)
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decrease highly depends on the De and Da numbers used in the simulations
when a constant solid volume (i) is assumed (Figure S2B). At high De and low
Da, Pw variations are limited to several megapascals (Figure 2) whereas, at low
De and high Da, it can reach several tens of megapascals (Figure S2). The285

water vapor pressure at 200 ◦C (1.6 MPa) can even be achieved. The model
does not take into account the effect of vaporisation on density evolution and is
thus not relevant for fluid pressures below the water vapor pressure. The fluid
pressure decrease is limited to less than 3 MPa when a constant total pressure
(ii) is used (Figures 2 B and S3 B). The difference between fluid and total290

pressure indeed drives viscoelastic compaction, limiting fluid pressure variations
relative to total pressure. For all the parameter values investigated here, the
model predicts a similar decrease of the reaction rate due to porosity clogging
by reaction products (Figures 2 A, S2 A and S3 A). The reaction ultimately
stops when the porosity and the reactive surface area are zero. The maximum295

extent of reaction reached in the simulations is ξmax = 3%. The maximum
reaction extent can be predicted by integrating the porosity evolution equation
in the system of equation 9 when assuming no deformation and reaction thus
limited by the free space initially available (φ0). The obtained expression is
ξmax = φ0

Xseq(1+βsr)
giving a value of 2.94% for φ0 = 0.01, consistent with the300

model predictions. This expression of ξmax also provides the minimum initial
porosity required to completely serpentinise a rock with the model based on
equations 9. We calculate here a minimum initial porosity of 34 %.

2.5. Complete serpentinisation with reaction-induced deformation

The results of numerical modelling with equations 13 significantly depend305

on the assumption used for closing the system of equations. When assuming a
constant solid volume (i), the evolutions of extent of reaction and porosity are
similar to the classical approach. The extent of reaction reaches a maximum
close to ξmax (Figures 3 A and S4 A) as the porosity decreases to become zero
(Figures 3 C). The mechanism of porosity decrease is however different since it is310

due to mechanical closure here whereas it is due to the precipitation of reaction
products in the simulations performed with the classical approach. The driving
force for viscoelastic compaction is the total pressure increase as a result of
solid volume increase during reaction (Figure 3 C). We calculate a maximum
total pressure increase of 14 MPa along a segment spanning from Da = 10 and315

De = 101.5 to Da = 104 and De = 103 in Figure S4 B. This indicates that
reaction-induced pressure increase is favored by a high reaction rate, a high
viscosity and/or a low effective compressibility.

We observe two types of behaviour when assuming a constant total pressure
(ii). At high Da and low De, porosity clogging occurs as a a result of mechanical320

compaction as observed with assumption (i) (Figure S5). The final extent of
reaction is close to ξmax. At low Da and high De, the porosity and the fluid
pressure only change during simulation by less than 0.5 % and several megapas-
cals, respectively (Figure 3 E and F). Fluid pathways are thus preserved, and
the extent of reaction reaches 100 % (Figures 3 D and S5 A). The solid volume325
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Figure 3: Results of the reaction-induced deformation numerical model (equations 7 and 13)
when assuming a constant solid volume (A, B and C) or a constant total pressure (D, E and
F). The evolutions with time of extent of reaction (A and D), fluid pressure (plain line) and
total pressure (dashed line) (B and E), and porosity (C and F) are displayed. The blue line
in subpanels A and D corresponds to the maximum extent of reaction predicted for a non-
deforming solid matrix (ξmax; see text for details). The model is run with kφ = 10−19m2,
L = 10m, τ = 5.107s and ηφ = 1018Pa.s
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increase is accommodated by the expansion of the rock matrix. As porosity is
rather constant during reaction, the duration of the reaction only depends on τ
and φ0 according to equation 7. The simulation displayed in Figure 3 reaches
for example completion after approximately 150 yr.

3. Discussion and conclusion330

Several numerical approaches have been used to model serpentinisation.
Most of them investigate the influence of positive volume increase during re-
action on fluid pathways formation (Rudge et al., 2010; Ulven et al., 2014;
Malvoisin et al., 2017; Zhang et al., 2019). Nevertheless, the most complete
models coupling reaction, stress variation, fluid flow and permeability do not335

produce complete serpentinisation in the entire rock (Evans et al., 2020). Re-
active transport models such as TOUGHREACT (Xu et al., 2011) also fail to
reach high extents of reaction while the solid volume increases during reaction
(Paukert, 2014). All these models are based on the same principle as the clas-
sical approach detailed here in section 2.1 with a decoupling of reaction and340

deformation. Positive volume increase can only be accommodated by precipita-
tion in the pores. Mass transfer is assumed to occur at least between the surface
of the reacting primary minerals and the pores. The fluid pathways are rapidly
clogged, leading to the stop of the reaction if the initial porosity is below ∼ 30 %
(Figure 2). The consumption of fluid by the reaction leads to a decrease in fluid345

pressure which can reach several tens of megapascals (Figure 2). Evans et al.
(2020) predict a similar behaviour but they consider an additional mechanical
feedback between fluid pressure variation and tensile failure. This latter cou-
pling allows porosity to be generated in the fractures as fluid pressure decreases
whereas the model proposed here only allows viscoelastic compaction to occur.350

However, the generated porosity is not sufficient to reach high extents of reac-
tion outside the cracks (Evans et al., 2020). These model predictions are not
consistent with the observations in natural samples in which extents of reaction
above 60 % are commonly measured (Oufi, 2002).

The observations of Beard et al. (2009), Boudier et al. (2010) and Malvoisin355

et al. (2020b) indicate that reaction proceeds locally with mass transfer limited
to the submicrometric scale. Positive volume change is thus not accommodated
by precipitation, probably due to a slow transport of the aqueous species. The
only other way to account for positive volume change in a closed system is to
introduce solid volume change in the equation for solid deformation (equation360

12). Deriving the change in porosity with this latter equation (last equation
in 13) provides an equation without reactive terms, that is without porosity
clogging. The modification of equation 12 thus allows for accommodating pos-
itive change in solid volume through reaction-induced deformation rather than
precipitation in the pores. We solve the system of equations by considering365

two extreme cases, either no solid volume change (e.g. volume-controlled) or
constant total pressure (e.g. stress-controlled).

Reaction is controlled by deformation in our model. If the rock can freely
deform by assuming negligible shear stresses (i.e. stress-controlled simulations
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(ii)), a maximum serpentinisation rate (ξ̇max) is estimated since shear deforma-370

tion can only delay the volumetric expansion. ξ̇max depends only on τ and is
thus controlled by dissolution and precipitation occurring at the olivine surface
(Figures 3 and S5). Complete reaction is achieved in less than 1000 yr, in agree-
ment with previous estimates based on experimental data and reaction-induced
fracturing modelling (Malvoisin et al., 2017). The rock expands by approxi-375

mately 50 % with consequences for surface uplift and large scale deformation at
mid-ocean ridges and in subduction zones (Germanovich et al., 2012).

If deformation is not allowed (i.e. volume-controlled simulations (i)), the
serpentinisation rate is zero and the reaction does not reach completion (Fig-
ures 3 and S4)). We refine the estimation of the minimum reaction rate (ξ̇min)380

in the following by considering volumetric expansion associated with tectonic
deformation which is the main process of deformation at mid-ocean ridges (Can-
nat, 1993). Tectonic deformation is partitioned between dilatational and shear
strains. Microstructural observations indicate that strain in detachment faults
is accommodated by crystal-plastic flow and diffusive mass transfer in multiple385

shear zones (Schroeder and John, 2004; Boschi et al., 2006). Reaction-softening
associated with talc formation promotes shear strain localisation, suggesting
that shear deformation accommodates a significant proportion of the deforma-
tion. However, this proportion is difficult to quantify since most numerical mod-
els of mantle rock exhumation at mid-ocean ridges are incompressible (Behn and390

Ito, 2008; Bickert et al., 2020). The model developed here is one-dimensional
and does not allow for shear deformation to be modelled. Moreover, volume
increase during reaction can only be accommodated by expansion. As a result,
we only consider dilatational strain in the following by introducing a constant
rate of expansion in the model (∇jvjs = ˙εV with ˙εV a constant dilatational395

strain rate imposed by tectonics). Our model is thus not able to probe all the
complex interactions between tectonic deformation and serpentinisation at mid-
ocean ridges. However, it allows determining the conditions for which tectonic
expansion is slower than volume increase induced by dissolution/precipitation
(tectonic-controlled versus dissolution/precipitation-controlled rate).400

Simulations performed with several imposed dilatational strain rates indi-
cate that the serpentinisation rate is first equal to a high rate controlled by
dissolution and precipitation and rapidly decreases with time (Figure 4). For
˙εV < 10−13s−1 and ηφ = 1018Pa.s, the reaction rate decreases to zero as a

result of viscoelastic compaction associated with reaction-induced total pres-405

sure increase. For ˙εV > 10−13s−1 and ηφ = 1018Pa.s, the serpentinisation rate
reaches a constant value, indicating, with the formalism adopted in equation
7, that the porosity is constant. The equation for porosity in the system of
equations 13 can be solved for a constant dilatational strain rate and a constant
porosity to obtain an equation for the minimum serpentinisation rate:410

ξ̇min = − β′s (1−Xs)

Xseq (1 + βsr) (βd (1− φ)− β′s)
P − Pw

(1− φ) ηφ
+

˙εV (1−Xs)

Xseq (1 + βsr)
(14)

The analytical solution provided by equation 14 fits well with the constant
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Figure 4: Serpentinisation rate (ξ̇) as a function of time for the model considering reaction-
induced deformation and an imposed tectonic expansion. The plain black lines corresponds
to five simulations performed with kφ = 10−19m2, L = 10m, τ = 5.107s, ηφ = 1018Pa.s,
and at the indicated dilatational strain rates ( ˙εV ). The blue dashed line corresponds to the
rate imposed by dissolution and precipitation. The black dashed lines corresponds to the rate
calculated with equation 14 considering tectonic deformation and viscous compaction. The red
dashed lines corresponds to the rate associated with tectonic deformation only and calculated
with the second term of right-hand side of equation 14. Note that the serpentinisation rate
tends towards the rate imposed by tectonic deformation for ˙εV > 10−13s−1.

reaction rate achieved in the numerical simulations (Figure 4), showing that the
minimum serpentinisation rate is controlled by a competition between viscous
compaction (first term of right-hand side of equation 14) and tectonic expansion
(second term of right-hand side of equation 14). Figure 5 provides the time nec-415

essary to reach an extent of reaction of 80 % as a function of dilatational strain
rate and viscosity (see Supplementary material for details). At low viscosity
and low strain rate, reaction does not reach completion as viscous compaction
dominates. At moderate to high viscosity and ˙εV < 3.10−10s−1, the minimum
serpentinisation rate is controlled by tectonic deformation. The time to reach420

80 % of reaction linearly decreases with strain rate according to the second term
of right-hand side of equation 14. It is in the order of millions or thousands of
years for ˙εV = 10−13s−1 and ˙εV = 10−10s−1, respectively. At ˙εV > 3.10−10s−1,
the serpentinisation rate calculated with equation 14 is higher than the rate
calculated with equation 7, suggesting that serpentinisation rate is controlled425

by dissolution and precipitation at the olivine surface.
Estimating if serpentinisation is controlled by reaction-induced deformation

or by tectonics is essential to determine if ξ̇max or ξ̇min should be used to
model serpentinisation at large scale. Reaction-induced deformation can only
occur if the pressure generated during volume expansion is sufficient to induce430

deformation. The maximum total pressure increase (∆Pmax) can be derived
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Figure 5: Time necessary to reach 80 % of extent of reaction (t80 in years) as a function of
viscosity (ηφ) and dilatational strain rate ( ˙εV ). t80 is calculated with equation 14. Three
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to fluid pathways clogging, tectonic-controlled domain in which the serpentinisation rate can
be expressed with the second term of the right-handed side of equation 14, and a dissolution-
and precipitation controlled domain in which the rate determined with equation 14 is faster
than the one determined with equation 7.

from equation 13 as:

∆Pmax = −1 + βsr
βd

log (1− ξXseq) (15)

Its values for ξmax and ξ = 1 are 14 MPa and ∼ 500 MPa, respectively, in
good agreement with the maximum value calculated in the volume-controlled
simulations (14 MPa at ξmax; Figure S4). Pressure increase during precipitation435

(i.e. crystallisation pressure; ∆Pc) has been reported in experiments (Correns,
1949). It is generally calculated in excess of the confining pressure as (Kelemen
and Hirth, 2012):

∆Pc =
RT

Vm
log Ω (16)

where Ω is the supersaturation in a thin fluid film where precipitation occurs,
R is the gas constant and Vm is the molar volume of the precipitating crystal.440

∆Pc values calculated for the serpentinisation reaction can exceed 300 MPa
(Kelemen and Hirth, 2012), close to the value of ∆Pmax at ξ = 1. However,
equations 15 and 16 are based on different approaches since ∆Pmax expression
considers elastic deformation and depends on the extent of reaction whereas ∆Pc
equation is based on thermodynamic disequilibrium between the fluid and the445

solid and requires the fluid to be significantly supersaturated with respect to the
precipitating mineral. Experiments of stress monitoring during hydration show
that the reaction-induced pressure increase depends on the extent of reaction,
that fluid pathways can shut-down as a result of reaction-induced stress, and
that the generated overpressures are generally one order of magnitude smaller450
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than the one calculated with equation 16 (Wolterbeek et al., 2018; Skarbek et al.,
2018). The predictions of our model are in agreement with these results with
progressive pressure build-up during reaction, compaction and a relatively small
total pressure increase (Figure S4). This suggests that equations 13 are a good
alternative to crystallisation pressure calculation based on fluid composition455

(equation 16), particularly when the supersaturation of the solution is difficult
to estimate or when other processes such as mechanical compaction have to be
considered. Moreover, it indicates that, for the investigated parameters, the
overpressure generated during reaction does not exceed 14 MPa due to viscous
compaction (Figure S4). This value is below the yield stress for serpentinised460

peridotites in compression (Escart́ın et al., 2001). Our model thus predicts a
limited driving force for reaction-induced deformation, which could thus only
occur in the first several hundreds of metres below the surface. Figure 5 indi-
cates that serpentinisation may be mainly controlled by tectonic deformation for
dilatational strain rates below 3.10−10s−1 at mid-ocean ridges. This statement465

is in agreement with the extensive serpentinisation observed near detachments
faults (Rouméjon et al., 2015). Moreover, it validates the approach used in some
tectonic models (Bickert et al., 2020) in which serpentinisation rate is related
to the strain rate. However, one should keep in mind that shear deformation is
not taken into account in Figure 5. We indeed use a constant dilatational strain470

rate that differs from the shear strain rate computed in previous simulations of
mid-ocean ridge processes (Bickert et al., 2020). As a result, we do not cap-
ture the potential evolution of strain rate during reaction possibly leading to
the switch from one controlling mechanism to another. An accurate modelling
of the effect of tectonic deformation on serpentinisation rate would require to475

determine the extent of strain partitioning during exhumation. This should be
achieved in the future by solving for the conservation of total momentum in
two or three dimensions and by implementing equation 14 in a compressible
code. In addition, the model could be improved by considering aqueous species
in the fluid to compute the additional thermodynamic force potentially driving480

stress build-up (equation 16). Viscous compaction is also modelled here with a
formalism derived for macropores (Yarushina and Podladchikov, 2015). How-
ever, the nanopores preserved during reaction (Tutolo et al., 2016) may behave
differently leading to a different evolution of the porosity through time.

The numerical approach proposed here is a critical leap forward in reac-485

tive transport modelling since it allows for complete reaction without porosity
clogging. Serpentinisation but also other hydration and carbonation reactions
inducing a positive change in solid volume can be modelled with the approach
proposed here. As a first step, we investigate the volume-controlled and stress-
controlled cases but, as shown above, implementing shear stresses will be re-490

quired in the future to produce quantitative prediction relevant for natural sys-
tems. Another improvement of the model concerns the implementation of gas
formation (hydrogen and steam). The reaction indeed consumes water, decreas-
ing the fluid pressure to a level sufficient to produce gases at high Da and low
De values (Figures S4 B). Vaporisation will in turn significantly modify the fluid495

density and is thus coupled to fluid pressure evolution. Finally, it would be in-
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teresting to distinguish between nano- and macropores in the model. Tutolo
et al. (2016) indeed show that nanopores are preserved during serpentinisation
whereas macropores can potentially be filled by an assemblage of reaction prod-
ucts and nanopores. This aspect should be considered to accurately model the500

evolution of the hydraulic properties during reaction and reproduce the evolu-
tion of permeability observed in experiments of serpentinisation (Godard et al.,
2013; Farough et al., 2015).
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