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ABSTRACT
Fluid-rock interactions play a critical role in Earth’s lithosphere and environmental 

subsurface systems. In the absence of chemical mass transport, mineral-hydration re-
actions would be accompanied by a solid-volume increase that may induce differential 
stresses and associated reaction-induced deformation processes, such as dilatant fractur-
ing to increase fluid permeability. However, the magnitudes of stresses that manifest in 
natural systems remain poorly constrained. We used optical and electron microscopy to 
show that one of the simplest hydration reactions in nature [MgO + H2O = Mg(OH)2] 
can induce stresses of several hundred megapascals, with local stresses of as much as 
∼1.5 GPa. We demonstrate that these stresses not only cause fracturing but also induce 
plastic deformation with dislocation densities (1015 m−2) exceeding those typical of tectoni-
cally deformed rocks. If these reaction-induced stresses can be transmitted across larger 
length scales, they may influence the bulk stress state of reacting regions. Moreover, the 
structural damage induced may be the first step toward catastrophic rock failure, trig-
gering crustal seismicity.

INTRODUCTION
When fluids infiltrate rocks, resultant min-

eral reactions modify physicochemical rock 
properties, having a first-order effect on geo-
dynamic and geochemical processes within the 
lithosphere. These fluid-driven mineral reactions 
may govern, e.g., the stability of the lithosphere 
(Jackson et al., 2004; Hilairet et al., 2007), the 
formation of ore deposits (e.g., Sillitoe, 2010), 
and environmental subsurface processes such 
as the sequestration of anthropogenic CO2 (e.g., 
Matter et al., 2016). For more than a century, 
scientists have argued whether fluid-rock inter-
actions occur at constant solid volume or are 
accompanied by solid-volume changes, ΔVs, 
with immediate implications for element mobil-
ity and the generation of differential stress 
(Lindgren, 1918; Carmichael, 1987; Fletcher 
and Merino, 2001; Wheeler, 2020).

While fluid-driven mineral-replacement 
reactions can occur without substantial  positive 

ΔVs (Plümper et al., 2017), observations of nat-
ural rocks and laboratory experiments reveal 
that mineral reactions involving an increase 
in solid volume in a confined space can gen-
erate differential stresses on the confining 
boundaries (e.g., Jamtveit et al., 2009; Kele-
men and Hirth, 2012; Plümper et al., 2012; 
Zheng et al., 2018). This phenomenon is known 
as the “force of crystallization” (Becker and 
Day, 1905). More recently, this process has 
received increased interest because it may 
explain the widespread alteration of mantle 
peridotite (Rudge et al., 2010; Plümper et al., 
2012), having implications for deep volatile 
cycles and the sequestration of CO2 (Kelemen 
and Matter, 2008). Moreover, variation in local 
normal stresses during mineral reaction may 
have consequences for the thermodynamics of 
the reaction (Wheeler, 2020).

Although efforts have been made to quan-
tify the magnitudes of stresses that can be 
exerted during mineral growth, theoretical 
predictions of differential stresses exceeding 

1 GPa (Kelemen and Hirth, 2012; Wolter-
beek et al., 2018), experimental constraints of 
20–160 MPa (Skarbek et al., 2018; Wolterbeek 
et al., 2018; Zheng et al., 2018), and inferences 
of stresses ≤300 MPa in natural rocks (Kele-
men and Hirth, 2012) vary widely. An argument 
that has been put forward that may explain the 
limitation of reaction-induced stresses is the 
healing of grain contacts (Wolterbeek et al., 
2018) and the expulsion of the interfacial fluid 
film (Zheng et al., 2018; Guren et al., 2021) 
ceasing the reaction. Investigations of stress-
relaxation mechanisms have largely focused on 
brittle fracturing (Jamtveit et al., 2009; Kele-
men and Hirth, 2012; Plümper et al., 2012). 
However, mineral reactions could also induce 
many other elastic and inelastic deformation 
processes.

We present an integrated observational and 
modeling approach to assess the magnitude of 
reaction-induced stresses generated during one 
of the simplest mineral-hydration reactions in 
nature:

 MgO H O Mg(OH)+ ↔2 2 . (1)

The results show that differential stresses 
locally reach gigapascal levels and that these 
stresses induce numerous elastic and inelastic 
deformation processes in the encompassing 
marble. Furthermore, pore-network model-
ing suggests that reaction-induced fracturing 
increases permeability by several orders of 
magnitude.

GEOLOGICAL SETTING AND 
METHODS

The samples investigated here are part of 
the contact aureole of the Adamello massif, *E-mail: o .plumper@uu .nl
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Italy (Müller et al., 2009; see the Supplemental 
Material1). The aureole developed within mar-
bles where hydrothermal alteration caused dolo-
mite decomposition into periclase and calcite 
at ∼600 °C. Subsequent hydration resulted in 
Reaction 1 and an associated positive ΔVs of as 
much as 119%. Balancing Reaction 1 at constant 
volume requires the removal of 54% MgO (see 
the Supplemental Material). In turn, Mg trans-
port away from the hydration sites would likely 
trigger the formation of new dolomite, massive 
brucite precipitation in cracks, or considerable 
Mg-metasomatic effects within the vicinity of 
the contact aureole. None of these products were 
observed.

The carbonate-silicate phase assemblages 
formed during contact metamorphism suggest a 
thermodynamic pressure of ∼100 MPa (Müller 
et al., 2009). Estimates of maximum pressures 
in the Adamello massif are ≤350 MPa (see the 
Supplemental Material).

We analyzed the marbles using optical, 
electron, and X-ray microscopy (see the Sup-
plemental Material). Calcite domains around 
periclase-to-brucite hydration sites were inves-
tigated using high-angular-resolution electron 
backscatter diffraction (HR-EBSD; Wallis et al., 
2019). This image cross-correlation technique 
allows simultaneous mapping of lattice rota-
tions and elastic-strain heterogeneities. The 
lattice rotations and residual elastic strains can 
be related to the densities of geometrically nec-
essary dislocations (GNDs; ρGND) and residual 
stresses, respectively.

MICROSTRUCTURES
We defined two types of microstructures 

within the samples: (1) a “background micro-
structure” (BM) without any brucite (Fig. 1A), 
and (2) a “reaction microstructure” (RM) 
where brucite domains are abundant on the 
millimeter scale (Fig. 1B; see the Supplemen-
tal Material). The BM is characterized by cal-
cite grains with thin to tabular twins and an 
average twin density, N , of 20 ± 15 mm−1 
(Fig. 1A). Analysis of 20 thin sections shows 
that ∼60% of the calcite encompassing hydra-
tion sites exhibits an increase in tapered twin-
ning with N  = 295 ± 41 mm−1 (Fig. 1B; see 
the Supplemental Material), indicative of defor-
mation (Barber and Wenk, 1979). In ∼20% of 
all investigated hydration sites, encompassing 
calcite grains exceed their typical birefringence 
locally (see the Supplemental Material), inter-
preted to result from high local residual stresses. 
Also, carbonate grains encompassing hydration 
sites exhibit extensive fracturing away from the 
brucite-carbonate interface (Figs. 1C–1E). Com-
parison between backscattered electron (BSE) 
images (Fig. 1E) and Mg element maps (Fig. 1F) 
reveals that cracks are partially filled with bru-
cite (arrowheads in Figs. 1E and 1F), suggesting 
that Mg-transport distances were limited. X-ray 
tomography (Figs. 1G–1I) highlights that the 
cracks connect hydration sites.

Data from HR-EBSD and transmission elec-
tron microscopy (TEM) reveal that dislocation 
densities vary by orders of magnitude among 
different microstructural domains. Comparison 
between the BM and RM data sets shows an 
increase of two orders of magnitude in ρGND to 
1015 ± 0.4 m−2 within the RM calcite enclosing the 
hydration sites (Figs. 2A and 2B; top color axis) 
(see the Supplemental Material). A difference 
in dislocation density, ρ, is also apparent from 
TEM observations made within the BM calcite 

(Fig. 2C; ρ = 1012 ± 1 m−2) versus across the bru-
cite-calcite interface (Fig. 2D; ρ = 1015 ± 1 m−2). 
Very high lattice distortions within calcite did 
not allow HR-EBSD to determine ρGND directly 
at the brucite-calcite interface (white areas in 
Figs. 2A and 2B). However, ρGND decays from 
1015 m−2 to background levels of 1012 m−2 across 
distances of 50–100 µm, implying that disloca-
tion generation is directly linked to processes 
that occurred at the brucite-calcite interface.

ESTIMATING REACTION-INDUCED 
STRESS MAGNITUDES

Using HR-EBSD, we determined “present-
day” residual stresses from the elastic strains and 
also used ρGND to deduce “past” differential stress, 
σd, via the calcite dislocation-density piezometer 
(De Bresser, 1996; Figs. 2A and 2B, bottom color 
axis) (see the Supplemental Material):

 σ ρd = ± ±( )10 6 21 0 86 0 62 0 07– . . . .( ) . (2)

We note that the dislocation-piezometer 
applies to calcite undergoing transient creep 
at low strains as well as steady-state flow (De 
Bresser, 1996, his figure 7). Correcting for 
background differential stress (95 MPa; see the 
Supplemental Material) results in a minimum σd 
around the hydration sites of 120–220 MPa with 
local maxima of as much as ∼1.5 GPa. These 
estimates of σd are lower bounds because HR-
EBSD detects neither (1) orientation gradients in 
the direction normal to the specimen surface that 
may result from additional GNDs, nor (2) statis-
tically stored dislocations with lattice-curvature 
effects that cancel each other out.

We used the twin (Rybacki et  al., 2013) 
and crack (Kelemen and Hirth, 2012) densities 
observed (Fig. 1; see the Supplemental Material) 
to estimate the differential-stress magnitudes via 
the relationships

1Supplemental Material. High-magnitude, reac-
tion-induced stresses. Please visit https://doi .org /10 
.1130 /GEOL.S.20669139 to access the supplemental 
material, and contact editing@geosociety.org with any 
questions. Data are freely available at https://public 
.yoda .uu .nl /geo /UU01 /Z7A6R8 .html.
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Figure 1. Microstructures within brucite-free and brucite-bearing marble. (A) Marble devoid of brucite (Brc) with low twin density. (B) Marble 
with high twin density in calcite (Cc) surrounding brucite. (C–D) Cracks emerging from brucite penetrating dolomite (Do) and calcite. (E–F) 
Cracks are only partially filled with brucite as illustrated in the energy-dispersive X-ray (EDX) map of Mg in F. (G–I) X-ray tomography visual-
ization showing brucite domains and connecting cracks. (H) Magnified view of brucite domains with cracks (dark gray) within calcite (light 
gray) taken from a representative volume in G, where the solid color is calcite and voids represent brucite and cracks. (I) Segmented brucite 
shown in brown, highlighting the connectivity of the domains via the crack network. A and B are optical polarization microscope images and 
C–E are backscattered electron (BSE) images.
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 log log( ) . . . . ,σ t N= ± + ±( ) ( ) ( )1 29 0 02 0 50 0 05  
(3)

and

 
σ γ

ωc
4Y

,
 

(4)

Where σt and σc are the stresses associated to 
twinning and fracturing, respectively, Y is the 
Young’s modulus (70 GPa), γ is the surface 
energy, and ω is the crack spacing within calcite. 
Measurements of N and ω result in σ t = −

+280 30
120 

MPa and σc = 760 ± 150 MPa (γ = 0.15 J m−2) 
to σc = 1100 ± 220 MPa (γ = 0.32 J m−2). The 
variation in σc arises from the variability of γ 
with varying degrees of surface coverage by 
aqueous fluids (Røyne et al., 2011).

The positive ΔVs during Reaction 1 may 
not be the only cause of stress at the brucite-
calcite interface. All “host-inclusion” systems 
that experience pressure-temperature (P-T) 
changes develop pressure differences between 
the host and inclusion due to differences in elas-
tic properties and thermal expansivities. The 
only exception is when the system follows an 
isomeke line, that is, a line in P-T space where 
the volumetric deformation of the inclusion is 
accommodated by the deformation of its host 
(Angel et al., 2015). Because this path is unique, 
any other change in P-T would induce a pres-
sure difference between brucite and calcite 
(Moulas et al., 2020). For the case of isobaric 
cooling during contact metamorphism, the pres-
sure of the host mineral can be approximated as 
constant and the developing stresses are con-
trolled by differential thermal expansion. Using 
a linear-elastic approximation (Supplemental 
Material),  we calculated the potential pressure 

(mean stress)  difference due to cooling from 
700 °C (equilibrium periclase-to-brucite tem-
perature at 350 MPa) to 25 °C. The calculation 
indicates that an “underpressure” of −300 MPa 
would develop (i.e., thermal contraction of bru-
cite results in a negative pressure difference 
between brucite and calcite; Supplemental 
Material). However, reaction-induced cracks 
emanate radially, whereas negative pressures 
within the brucite would result in concentric 
crack patterns (Van der Molen and Van Roer-
mund, 1986).

Overall, we suggest that the differential 
stresses obtained via the dislocation-density 
piezometer, twin piezometer, and crack analy-
sis result from the positive ΔVs during Reac-
tion 1 under confinement within the marble. To 
further constrain the reaction-induced stress 

 magnitudes, we used a continuum mechan-
ics model for viscoelastic pressure relaxation 
within a host-inclusion configuration (Dab-
rowski et  al., 2015; see the Supplemental 
Material). Differential stresses obtained via the 
dislocation-density piezometer (Fig. 2) show a 
best fit with the numerical model at ∼325 MPa 
at the brucite-calcite interface (Fig. 3). The 
model also predicts an effective stress exponent 
n between 2 and 3 in a power-law viscous flow 
law, consistent with dislocation creep in the 
host matrix and, therefore, with the observed 
microstructures.

In summary, differential-stress magnitudes 
imposed onto the brucite-calcite interface were 
at least 300 MPa with local stresses of as much 
as ∼1.5 GPa. Moreover, these elevated stresses 
suggest that if fracturing occurred concomi-

B

D
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Figure 2. Inelastic deformation and differential stress magnitude around brucite (Brc) domains. Cc—calcite. (A,B) High-angular-resolution 
electron backscatter diffraction (HR-EBSD) maps of the density of geometrically necessary dislocations (ρGND) and estimated stresses 
(De Bresser 1996). (C,D) Transmission electron microscopy (TEM) and scanning TEM (STEM) images depicting the difference in dislocation 
density ρ between background microstructure (BM) (C) and reaction microstructure (RM) (D) (black dashed line in A; see the Supplemental 
Material [see footnote 1]).

BA

Figure 3. Continuum mechanics model. (A) Best fit of “Dabrowski model” (Dabrowski et al., 
2015) to differential stresses obtained via dislocation-density piezometer (De Bresser, 1996) (σd; 
Fig. 2A). (B) Model parameter space, where white contour is 1% confidence interval of cost (or 
misfit) function Ω between analytical solution and σd (Supplemental Material [see footnote 1]).
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tantly with dislocation motion and twinning, 
it did not fully release the growing reaction-
induced stresses.

PARTITIONING AND STORAGE 
OF REACTION-INDUCED STRAIN 
ENERGY

Work, W, must be done on the environment 
to accommodate the periclase-to-brucite vol-
ume change in the host matrix. Based on the 
microstructural observations, some of this work 
has gone into dislocation formation, reaction-
induced fracturing, mechanical twinning, and 
elastic strain (see the Supplemental Material). 
Hence, we can express W as

 W E E E E> + + +dislocation fracture twinning elastic ,  (5)

where Edislocation, Efracture, Etwinning, and Eelastic are 
the energies associated with the aforementioned 
processes. Assuming that the energy required 
during dislocation formation is equal to the cur-
rently stored total strain energy around the dis-
locations (Anderson et al., 2017) and neglecting 
energy dissipation through heat and acoustic 
emission upon dislocation motion, we estimate 
a mean Edislocation = 20 ± 10 J mol−1. Using 
experimentally and theoretically determined 
surface and twin energies, as well as assuming 
a linear elastic behavior (see the Supplemental 
Material), we also infer Efracture = 1.0 ± 0.5 J 
mol−1, Etwinning = 16 ± 2 J mol−1, and Eelas-

tic = 335 ± 125 J mol−1. These estimates 

 demonstrate that dislocation formation and 
glide (albeit not specifically considered) were 
the most prominent inelastic deformation pro-
cesses induced by Reaction 1. However, most 
strain energy is stored elastically, although Eelas-

tic is likely an overestimate due to the contribu-
tion of local strain fields around dislocations 
within the HR-EBSD maps.

In addition to the aforementioned processes, 
increased elastic strain within the calcite and, 
foremost, a locally high reaction-induced 
normal stress, σn, would promote pressure 
solution of calcite. Following Wheeler et al. 
(2020), it is evident that the crystal activity of 
calcite, Δa, is significantly impacted by σn via 

∆ = +
× 





a E

V

RT
exp i

n mσ , where Ei is either 

Edislocation or Eelastic, Vm is the molar volume of 
calcite, and R is the gas constant. The pres-
ervation of high dislocation densities, elastic 
strain, twins, and cracks within calcite that can 
be directly associated to Reaction 1 imply that 
pressure solution of calcite was minor. Also, 
pressure solution may have been limited due to 
a severe reduction in interfacial fluid film thick-
ness, hence decreased water diffusivity (Guren 
et al., 2021) along the calcite-brucite interface, 
or due to a strong chemical potential gradient 
toward the periclase-brucite reaction interface 
limiting the amount of fluid at the calcite-bru-
cite interface. Nevertheless, complete periclase 
hydration is evident in all samples, implying that 

fluid penetrated to the periclase-brucite reaction 
front, at least over geological time scales.

REACTION-INDUCED FRACTURING 
AND PERMEABILITY ENHANCEMENT

Using pore-network modeling (Raoof et al., 
2013), we estimated the fluid permeability 
through the reaction-induced crack network 
obtained via X-ray tomography (Fig. 4; see the 
Supplemental Material). Assuming that the net-
work was transiently transmissive to aqueous 
fluids, we computed the volumetric flow rate 
(Fig. 4C) to obtain a permeability of 0.5 × 10−14 
m2. This computed core-scale permeability is 
five to six orders of magnitude higher than mea-
surements on intact core-scale marbles (Fischer 
and Paterson, 1992) and agrees with the per-
meability-depth relationship of Ingebritsen and 
Manning (2010) for metamorphically disturbed 
rocks (1 × 10−13.3 to 1 × 10−14.5 m2 at the depth 
of contact metamorphism).

CONCLUSIONS
Our observations of one of the simplest natu-

ral mineral-hydration reactions show that reac-
tion-induced stresses within rocks can locally 
reach gigapascal levels. Hence, volume-chang-
ing reactions can (1) exert high-magnitude dif-
ferential stresses onto their surrounding matrix, 
resulting in deviations from lithostatic pressure, 
and (2) induce a multitude of irreversible defor-
mation processes with, among others, implica-
tions for the transient fluid permeability of the 
lithosphere. If these reaction-induced stresses 
can be transmitted across larger length scales, 
they may influence lithospheric processes, and 
the induced microscopic damage may be the 
first step toward catastrophic rock failure, trig-
gering crustal seismicity akin to stress transfer 
in dehydrating systems (Ferrand et al., 2017).
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