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Abstract Deformation caused by reaction-driven volume increases is an important process in many
geological settings. The interaction of rocks with reactive fluids can change permeability and reactive
surface area, leading to a large variety of feedbacks. Gypsum (CaSO4 ⋅ 2H2O) is an ideal material to study
these processes. It forms rapidly at room temperature via bassanite (CaSO4 ⋅ [1∕2]H2O) hydration and is
commonly used as an analog for rocks in high-temperature, high-pressure conditions. We conducted
uniaxial deformation experiments on porous bassanite aggregates to study the effects of applied axial load
𝜎a on deformation during the formation of gypsum. While hydration of bassanite involves a solid volume
increase, gypsum exhibits significant creep compaction when in contact with water. These two processes
occur simultaneously. Samples exhibited an initial phase of deformation followed by a slower secondary
phase. A particular value of 𝜎a separates expansion from compaction during each of the deformation
phases. At 𝜎a ≤ 150 kPa, samples expanded initially; for 𝜎a ≥ 230 kPa, samples compacted initially.
Up to 𝜎a ≈ 3.2 MPa, samples expanded after compacting initially, while for 𝜎a ≥ 3.6 MPa, no further
deformation or continued compaction occurred. This behavior implies that crystallization-induced stresses
depend on porosity and reaction extent such that larger stresses cannot be generated by the reaction.
We explain aspects of the observed behavior with a model that predicts strain evolution using kinetic
relationships for the reaction and creep rates and consider the implications of our results for
reaction-induced fracturing during serpentinization.

1. Introduction

Porous materials can be subjected to significant stresses when crystals precipitate from liquid contained
within pores. This process, referred to here as confined crystallization, can cause serious damage to building
materials, induce fracturing or viscous flow in the host material, and lead to large changes in permeability in
geologic environments. A necessary condition for the growth of crystals confined within pores is the existence
of a thin fluid film at grain contacts. The presence of such a film allows for crystal growth against external con-
fining stresses and leads to the thermodynamic concept of “crystallization pressure”—that is, the pressure a
growing crystal is capable of exerting on contacting surfaces.

The generation of stress due to confined crystallization is a subject that has received considerable attention
by authors with engineering applications in mind. The crystallization of salts is a well-documented source
of deterioration in building stones (e.g., Li, 2017; Novak & Colville, 1989), tunnel walls (Anagnostou et al.,
2010), and oil and gas wellbores (e.g., Ghofrani & Plack, 1993; Wolterbeek et al., 2017). Crystallization in these
types of environments frequently occurs in unsaturated conditions, where both a fluid and a vapor phase are
present in pores. Numerous experimental (e.g., Noiriel et al., 2010; Tsui et al., 2003; Wolterbeek et al., 2017) and
theoretical (e.g., Coussy, 2006; Flatt, 2002; Scherer, 1999, 2004; Serafeimidis & Anagnostou, 2014; Steiger,
2005a, 2005b) studies have been conducted in attempts to quantify the stresses involved, mostly in systems
where crystallization occurs within a porous medium whose matrix does not participate in the reaction.

In problems of geologic interest a porous rock matrix can supply reactive components via dissolution that can
precipitate within the pore space (Putnis, 2009, 2015). Such reactions are commonly referred to as replacement
reactions. When confined crystallization takes place during a replacement reaction, it can generate crystalliza-
tion pressure if the molar volume of the product phase is larger than that of the parent phase, for example,
during mineral hydration, carbonation, or oxidation reactions (Kelemen et al., 2011; Kelemen & Hirth, 2012).
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Relatively little work has been done to constrain crystallization pressures in these types of situations (see
Ghofrani & Plack, 1993; Ostapenko, 1976; Ostapenko & Yaroshenko, 1975; van Noort et al., 2017; Wolterbeek
et al., 2017). However, the role of confined crystallization is of primary importance to the dynamics of numer-
ous geophysical processes, including replacement of olivine by serpentinite or magnesite (Kelemen et al.,
2011; Kelemen & Hirth, 2012), reaction-induced fracturing (Kuleci et al., 2017; Zhu et al., 2016), and geologic
carbon sequestration (Kelemen & Matter, 2008; Matter & Kelemen, 2009).

In this work we present the results of experiments that enable measurements of crystallization-induced stress
and deformation due to the in situ formation of gypsum (CaSO4 ⋅ 2H2O) from bassanite (CaSO4 ⋅ [1∕2]H2O)
in samples with ∼30% initial porosity. We identify two regimes of deformation and show that confined
crystallization in this system can generate stresses up to 150–230 kPa at high initial porosities (∼30%) and
∼3.6 MPa at low porosities (<10%). We discuss the observed deformation in terms of a competition between
reaction-induced volume expansion and creep-induced compaction and show that the main features of our
results can be explained with a simple phenomenological model that takes these processes into account.
Finally, we draw comparisons between hydration of bassanite and hydration of olivine and discuss the
implications of our results for reaction-induced fracturing during serpentinization.

2. Background
2.1. Bassanite Hydration
Our focus is the hydration of bassanite (calcium sulphate hemihydrate) to form gypsum (calcium sulphate
dihydrate) via the reaction

CaSO4 ⋅
1
2

H2O + 3
2

H2O = CaSO4 ⋅ 2H2O. (1)

Bassanite is commonly known as plaster of Paris; when mixed with water it sets to form gypsum plaster, a
common building material (e.g., Charola et al., 2007). Gypsum is also a common mineral, being frequently
found in evaporite sequences (Warren, 2006) and is one of the weakest materials found in the Earth’s crust
(Heard & Rubey, 1966). Additionally, the dehydration of gypsum is frequently studied as an analog for reactions
that occur at higher temperatures and pressures (e.g., serpentinization). Thus, the properties of reaction (1)
have received study both for engineering purposes (e.g., Hand, 1997; Singh & Middendorf, 2007; Van Driessche
et al., 2017) and for geologic problems (e.g., Brantut et al., 2012; Llana-Fúnez et al., 2012; Wong et al., 1997).

Bassanite hydration occurs through a dissolution-precipitation mechanism (Fujii & Kondo, 1986; Ridge et al.,
1972; Schiller, 1974; Van Rosmalen et al., 1981). Because bassanite is more soluble in water than gypsum,
∼0.07 M versus ∼0.015 M in pure water at room temperature and atmospheric pressure (Azimi et al., 2007;
Van Driessche et al., 2017), a fluid that is saturated with respect to bassanite is supersaturated with respect
to gypsum, and gypsum will precipitate (e.g., Hand, 1994; Singh & Middendorf, 2007). Numerous kinetic
expressions for the rate of bassanite hydration have been proposed based on the dissolution-precipitation
mechanism (see Carlson & Taavitsainen, 2008; Hand, 1994; Singh & Middendorf, 2007). In this paper, we adopt
the kinetic model of Carlson and Taavitsainen (2008), who measured reaction rates at room temperature using
the attenuation of ultrasonic transmissions through a reacting sample of bassanite paste, finding

𝛼̇ = K𝛼(1 − 𝛼)2, (2)

where 𝛼 is the reaction extent such that 0 < 𝛼 < 1 and K𝛼 is an empirical constant with a value of
2.16 × 10−4 s−1.

The bassanite hydration reaction is fast, equation (2) predicts full conversion in ∼2 hr. Most studies on the
kinetics of reaction (1) do not consider temperature dependence of the reaction rate (see Hand, 1994; Singh &
Middendorf, 2007), although some evidence indicates that it is fastest at 35∘C (Comel et al., 1979). Accordingly,
we do not consider temperature effects in our experiments, which were all performed at room temperature.

2.2. Crystallization Pressure
When a precipitation reaction occurs in the void space of a porous material, it is possible for the growth
of the product crystals to exert a stress on grain-to-grain contact surfaces. A fluid film must necessarily be
present between the grain surfaces for the stress-generating reaction to occur (Ostapenko & Yaroshenko,
1975; Steiger, 2005a). The thickness of the fluid film may be on the order of few tens of nanometers or less
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(Scherer, 1999) and must also be supersaturated with respect to the product phase for precipitation to pro-
ceed. Additionally, for precipitation of hydrated minerals the fluid film must be in contact with the pore water,
as fluid mass in the intergranular film will be taken up by the hydration reaction and must be replenished for
further progress. Finally, for in situ replacement reactions, the molar volume of the product phase must be
larger than that of the parent phase; otherwise, reaction progress would tend to increase porosity and result
in fewer grain-to-grain contacts (Putnis, 2015).

If an external confining stress 𝜎 is applied to a fluid-saturated porous material with pore fluid pressure pp, the
solid grains will support an effective stress of 𝜎′ = 𝜎 − pp. It follows that in mechanical equilibrium, the stress
supported between grain contacts through an intergranular fluid film must be equal to 𝜎′. However, in fluid
films narrower than ∼100 nm, a so-called disjoining pressure is present, that is, due to the combined effects
of electrostatic interactions, Van der Waals forces, and forces resulting from structural changes in hydrogen
bonds within water molecules very near the grain surfaces (Derjaguin, 1987; Gonçalvès et al., 2010; Marčelja
& Radiá, 1976).

The disjoining pressure is not strictly a “pressure” in that it is defined as a tensor field rather than as a scalar, so
that there are two unequal components that act normal and tangential to grain boundary surfaces (Derjaguin,
1987). Denoting the normal component as πD, the normal stress felt by grain boundaries adjacent to the fluid
film is pp + πD. The disjoining pressure plays no direct role in fluid flow, so that gradients in pp drive flow as
usual (e.g., Rousseau-Gueutin et al., 2009).

It is the presence of the intergranular fluid layer and the disjoining pressure that enable a crystallization pres-
sure to develop, and there have been numerous attempts at formulating a theoretical expression to predict
its value. Most attention has focused on drying-induced salt crystallization in porous building materials. An
expression proposed by Correns (1949) relates the crystallization pressureΔp to the extent of supersaturation
of pore fluid with respect to a given solute as (see also Flatt et al., 2007)

Δp = RT
Vc

ln

(
x

x0

)
, (3)

where R is the ideal gas constant, T is temperature, Vc is the molar volume of the crystallizing solid, and x∕x0

is the solute concentration in a supersaturated solution relative to that in a saturated solution. Similar expres-
sions appear in the works of Weyl (1959) and de Boer (1977). Steiger (2005a) pointed out that equation (3)
is correct only for ideal solutions in which a growing crystal forms through precipitation of a single fluid
component.

A more complete equation for Δp, allowing for nonideal solutions, crystallization from multiple components,
and taking into account the surface energy of the crystal-liquid interface was given by Steiger (2005b)

Δp =
𝜈cRT

Vc

[
ln
(

m
m0

)
+ ln

(
𝛾±

𝛾±,0

)
+

𝜈w

𝜈c
ln
(

aw

aw,0

)]
− 𝛾cl𝜅cl, (4)

where 𝜈c and 𝜈w are the stoichiometric constants of the crystal and water, m∕m0 is the molality of the solution
relative to that of a saturated solution, and 𝛾cl and 𝜅cl are the free energy and curvature of the crystal-liquid
interface. The second and third terms in the brackets account for nonideal behavior of the solution, where
𝛾±∕𝛾±,0 and aw∕aw,0 are the mean activity coefficient of the solution and the water activity relative to sat-
urated states, respectively (Steiger, 2005a). The final term accounts for the surface energy of the growing
crystal, which becomes important for crystals smaller than 0.1–1 μm (Steiger, 2005b). Both equations (3) and
(4) ignore the effects of strain-induced changes in molar solid volume, which should be small for applied
loads up to 0.1–1 GPa depending on the bulk modulus of the crystal (Steiger, 2005a; Wolterbeek et al., 2017).
Equation (4) reduces to equation (3) for crystallization of a single component (𝜈c = 1), anhydrous (𝜈w = 0) salt
from an ideal solution (𝛾±∕𝛾±,0 = 1; Steiger, 2005a).

When crystallization takes places in an unsaturated medium, the presence of a liquid-vapor interface will affect
the crystallization pressure, because the liquid must be in equilibrium with both the precipitating solid and the
vapor phase (Coussy, 2006; Scherer, 2000). Coussy (2006) considered such a situation, allowing for nonideal
behavior of the solute, but not the solvent, and found

Δp =
𝜈cRT

Vc

[
ln

(
x

x0

)
+

𝜈w

𝜈c
ln

(
xw

xw,0

)]
+ 𝛿𝛾lv𝜅lv, (5)
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where 𝛿 is a dimensionless constant accounting for volume change in the solution fluid due to crystallization
and xw∕xw,0 is the mole fraction of water in the solution relative to the saturated state. Similar to equation (4),
the final term accounts for the surface energy in the liquid-vapor interface. Scherer (2000) derived a similar
equation for an ideal solution. When interfacial effects are ignored, equations (5) and (4) are equivalent for
ideal behavior in the solvent (i.e., aw∕aw,0 = xw∕xw,0). When the liquid-vapor interface is ignored, equation (5)
is also equivalent to an expression derived by Flatt (2002). To our knowledge, no derivation for the crystalliza-
tion pressure has been published that takes all of the effects mentioned in this section into account. However,
comparison of equations (4) and (5) suggests adding the term 𝛿𝛾lv𝜅lv to equation (4) (e.g., Espinosa-Marzal &
Scherer, 2010).

In all of the treatments that lead to equations (3)–(5), the porous skeleton does not react with the pore fluid.
Crystallization is considered to have taken place in pores through precipitation of externally derived solute
components, as in the invasion of building material by a salted solution. Kelemen et al. (2011) pointed out
that equation (4) can be written in terms of the change in the Gibbs free energy ΔGr of the reaction (see also
Kelemen & Hirth, 2012; Ostapenko, 1976) and argued that Vc should be replaced with the change in molar
volume ΔVs between the solid products and solid reactants for an in situ replacement reaction, in which case

Δp = −
ΔGr

ΔVs
. (6)

Equation (6) is a maximum bound on Δp, since changes in entropy and release of heat due to hydration
and crystallization from fluid will reduce the energy available for mechanical work against an applied load
(Kelemen & Hirth, 2012). Wolterbeek et al. (2017) generalized equation (6) to include the effects of dissolved
components present in the solution phase. However, equation (6) serves as a good estimate when the mass
of dissolved material is small relative to the mass of precipitated material, as should be the case when both
the solubility of the product phase and the porosity are small (Kelemen & Hirth, 2012; Wolterbeek et al., 2017).

The free energy of reaction (1) as a function of temperature T and fluid pressure pf was calculated by
Llana-Fúnez et al. (2012) as

ΔGr = 3591.06 − 529.253T − 0.0775T 2 + 92.705T ln(T) − 5 × 10−6p3
f + 5.54 × 10−3p2

f + 6.8665pf , (7)

with free energy in J/mol, pressure in MPa, and temperature in K. At room temperature and the range of
applied loads that we studied (12 kPa–4 MPa), equation (7) along with equation (6) predicts Δp ≈ 185 MPa
for bassanite hydration.

As for the theoretical studies mentioned above, most experimental studies have been for systems where
the porous matrix does not react, but there have been a few studies that examined reactive porous mate-
rials. Experiments generally consist of a setup to apply a uniaxial load to a reacting porous aggregate and
record strain as the reaction proceeds. A maximum crystallization-induced stress 𝜎c can then be determined
by conducting experiments at different loads and choosing the load where strain transitions from expansion
to compaction.

Ostapenko and Yaroshenko (1975) performed experiments on the hydration of porous samples of bassanite
and lime (CaO) and measured crystallization-induced stresses of 4.9 and 49 MPa, respectively. In a sim-
ilar study, Ostapenko (1976) recorded stresses generated during hydration of porous periclase (MgO) of
20–200 MPa. Recently, Wolterbeek et al. (2017) observed an induced stress due to hydration of porous lime
of ∼150 MPa. Experimentally recorded values of crystallization-induced stress, along with the correspond-
ing crystallization pressure predicted using equation (6), are collected in Table 1. All experimental estimates
are 1 to 2 orders of magnitude smaller than the thermodynamically predicted Δp. We have excluded results
obtained from more complicated reaction pathways such as for the hydration of industrial cement powders
(e.g., Ghofrani & Plack, 1993).

The experimental results in Table 1 are not measurements of the crystallization pressure but rather are mea-
surements of a crystallization-induced stress. The induced stress depends on the constitutive properties of
the porous aggregate formed by the product and reactant grains (porosity, elastic, inelastic properties of pure
solids, grain size, etc.). The crystallization pressure, as predicted for example by equation (6), depends on ther-
modynamic properties and is a measure of the chemical potential energy available to be converted into stress
(Kelemen & Hirth, 2012).
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Table 1
Comparison of Experimentally Measured and Theoretically Predicted Values of Crystallization Pressure
for Specific Reactions

Reaction 𝜎c measured (MPa) Δp predicted (MPa)

CaSO4 ⋅ 1
2

H2O + 3
2

H2O → CaSO4 ⋅ 2H2O 4.9a, 3.6b, 0.15 – 0.23b 185

CaO + H2O → Ca(OH)2 49a, 153c 3,400

MgO + H2O → Mg(OH)2 20–200d 2,000

aOstapenko and Yaroshenko (1975). bThis study. cWolterbeek et al. (2017). dOstapenko (1976).

Dispersed crystallization in a porous material produces a mean tensile stress that can act against an applied
load (Coussy, 2006). Crystallization-induced stresses approaching Δp would only be observed if a reacting
porous aggregate can withstand a tensile stress of that magnitude without failing. However, predicted values
of Δp are in general much larger than values of rock strength and so failure, either through dilatant fracture
or inelastic yielding, should be expected at much lower stresses, as is the case.

3. Methods

The starting material used for fabricating samples was 97% pure bassanite powder or 98% pure gypsum pow-
der purchased from Fischer Scientific. The grain size d measured by sieving for both of these materials is in
the range 63 μm < d < 250 μm. Approximately 5 g of powder was cold pressed in a steel die with a diameter
of 1.22 cm. The inside of the pressing die, as well as the pressing piston, was coated with a thin film of teflon
lubrication to prevent the pressed samples from getting stuck inside the die and potentially fracturing during
removal. Bassanite powder was pressed at an axial load 𝜎a of 10 MPa for 10 min, which produced intact, cylin-
drical samples with initial heights hi = 2.5–2.6 cm and porosities 𝜙i ≈ 0.3. Gypsum powder was pressed at
𝜎a = 5 MPa for 10 min, producing samples with hi = 2.6–2.9 cm and 𝜙i ≈ 0.23. Individual sample properties
including the initial mass mi are listed in Table 2. Precompaction stresses larger than 10 MPa for bassanite, or
5 MPa for gypsum, generally produced cracked specimens.

Experimental runs were conducted in a separate die with an identical diameter to that of the pressing die. The
experimental die was placed in a brass pan, with the bottom opening of the die covered by a porous steel

Table 2
Summary of Sample Properties and Results for Individual Experiments

Exp. # 𝜎a (kPa) mi (g) mf dry (g) mf wet (g) hi (mm) hr (mm) hp (mm) 𝜙i (%) 𝜙r (%) 𝛼r 𝜖40 (%)

B21 502 5.5826(1) 6.3401(1) 6.4956(1) 25.43(1) 21.59(8) 0 30.2(1) 5.2(3) 0.791(3) −0.64

B22 12 5.6335(1) 6.4289(1) 6.6659(1) 25.63(1) 23.07(8) 0 30.3(1) 7.7(4) 0.822(3) 2.30

B24 502 5.5136(1) 6.3216(1) 6.4802(1) 25.09(1) 22.68(8) 0 30.2(1) 5.4(3) 0.854(3) −0.27

B25 2024 5.5697(1) 5.9966(1) 6.1107(1) 25.42(1) 13.76(5) 9.28(2) 30.0(1) 4.7(4) 0.880(3) −2.75

B26 330 5.6609(1) 6.4097(1) 6.5878(1) 25.76(1) 21.76(8) 9.60(1) 30.3(1) 5.3(3) 0.947(3) −0.03

B27 230 5.4182(1) 6.1962(1) 6.3680(1) 24.77(1) 21.89(8) 0 30.5(1) 5.9(3) 0.837(3) 0.21

B28 150 5.6005(1) 6.4370(1) 6.6543(1) 25.50(1) 24.20(8) 0 30.3(1) 7.2(4) 0.870(3) 0.92

B29 12 5.6759(1) 6.5016(1) 6.7649(1) 25.72(1) 24.42(9) 0 30.0(1) 8.5(4) 0.848(3) 2.46

B30 12 5.7223(1) 6.5299(1) 6.7659(1) 26.10(1) 23.16(8) 0 30.5(1) 7.5(4) 0.822(3) 2.48

B31 2024 5.5446(1) 6.1232(1) 6.2744(1) 25.05(1) 18.57(7) 10.84(8) 29.8(1) 9.3(4) 0.781(3) −2.59

B32 3928 5.6306(1) 6.0308(1) 6.0987(1) 25.67(1) 12.40(6) 3.96(9) 30.5(1) 3.0(3) 0.760(3) −4.82

B33 3166 5.7065(1) 6.2608(1) 6.3538(1) 25.99(1) 16.89(6) 11.44(6) 30.4(1) 1.6(2) 0.928(3) −4.31

B34 3553 5.8214(1) 6.3146(1) 6.3903(1) 26.48(1) 14.94(6) 13.63(9) 30.2(1) −0.3(6) 0.934(3) −4.10

B35 3928 5.0000(1) — — 27.83(1) — — 30.0(1) — — −0.10

G11 12 5.4167(1) — — 26.24(1) — — 23.0(1) — — −0.51

G12 2024 5.8260(1) — — 28.86(1) — — 23.3(1) — — −4.04

Note. Experiments on bassanite are labeled as B##, precompacted at 10 MPa; those on gypsum are labeled as G##, precompacted at 5 MP. Symbols used: 𝜎a = axial
load; mi = initial mass; mf dry = final mass after drying; mf wet = final mass with pore water; hi = initial height; hr = thickness of reacted region; hp = thickness of
transition zone; 𝜙i = initial porosity; 𝜙r = porosity of reacted region; 𝛼 = reaction extent; 𝜖40 = axial strain after 40 hr.
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Figure 1. (a) Schematic cartoon of experimental setup. Schematic cartoon of a sample (b) before and (c) after a
hydration experiment. LVDT = linear variable displacement transformer.

frit (see Figure 1a). The sample was then placed into the die, and a dead-weight axial load was applied via a
piston placed into the die on top of the sample. Finally, the pan was filled with 1 L of water and then covered,
marking the beginning of the experiment. Adding 1 L of water resulted in a fluid pressure at the base of the
sample of ∼350 Pa. Samples began to react almost immediately in most cases. During the entire experiment,
the displacement of the axial piston was measured with a linear variable displacement transformer with a
range of ±1.27 cm.

At the end of experimental runs, wet samples were removed from the die and the height hf Wet and mass mf Wet

were recorded. Samples were then dried at 40∘C in an 85-kPa vacuum. We performed drying experiments on
pure gypsum powder and did not observed any significant change in mass at these conditions. During drying,
the samples were periodically removed from the drying oven to record the mass, and the drying process was
stopped when the mass of the sample was found to be changing by less than 1% over a 24-hr period. The
entire drying process took 2–3 days. When samples were determined to have been fully dried, the height hf Dry

and mass mf Dry were recorded a final time (see Table 2).

Once fully dried, samples were epoxied and sliced into axial cross sections. We scanned the cross sections
at high resolution and performed a simple analysis (see supporting information for details) on the result-
ing images to determine the thickness of reacted, unreacted, and transitional regions inside the samples
(Figures S1–S5).

The measurement of strain during an experiment, as well as the mass changes and the thickness of the reacted
regions after an experiment, allows for calculation of the extent of the reaction, as well as the porosity within
the reacted region. Figures 1b and 1c show a schematic cartoon of a sample before and after an experiment,
where the total sample height has decreased by an amount Δh. Based on the image analysis, we assume
that samples consist of a reacted region (Region 2) of height hr with constant porosity 𝜙r ≤ 𝜙i and reaction
extent 𝛼r ≤ 1, separated from unreacted material (Region 1) by a transition region of thickness hp. Inside the
transition region we assume that porosity and reaction extent change linearly from 𝜙 = 𝜙r and 𝛼 = 𝛼r at
h = hr , to 𝜙 = 𝜙i and 𝛼 = 0 at h = hr + hp. Furthermore, we assume that all of the change in sample height
occurs due to deformation in the reacted region, so that the unreacted part of the sample is effectively rigid
throughout the course of the experiment, which is supported by an experiment on a dry bassanite sample
(section 5.1) and recent deformation experiments on porous bassanite Bedford et al. (2018). Then the height of
the reacted and transition regions together at the start of the experiment may be written as hi

r = hr +hp +Δh.
Finally, the existence of an unreacted region in any sample implies that this region is completely unsaturated,
otherwise it would have reacted. Thus, we assume that at the end of an experiment, Region 2 is completely
saturated and Region 1 completely dry, and that in the transition region the saturation decreases linearly
between the two values. Because we cannot independently measure spatial variations of porosity or reaction
extent within the samples, the assumptions detailed here will necessarily lead to errors in the estimated values.

These assumptions lead to the conclusion that any pore water in the sample is contained entirely within the
reacted region. Then 𝜙r can be estimated from the volume of water contained in the sample at the end of the
experiment

Vw =
mf Wet − mf Dry

𝜌w
= πr2

[
𝜙rhr +

(
𝜙i + 2𝜙r

6

)
hp

]
, (8)
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where 𝜌w is the density of water at room temperature and r is the radius of the experimental die. Additionally,
if all of the deformation and mass change in the sample occurred in the reacted region, then the mass of this
region at the beginning of the experiment is

mi
r = πr2𝜌ih

i
r = πr2𝜌i(hr + hp + Δh), (9)

where 𝜌i is the initial bulk density of the sample. The reaction extent can be estimated from the stoichiometry
of the reaction and the change in mass (mf Dry − mi) of the reacted region as

𝛼r =
(mf Dry − mi)MB

mi
r(MG − MB)

, (10)

where MB = 146.9492 g/mol and MG = 172.172 g/mol denote the molar masses of bassanite and gypsum,
respectively. Additionally, we compute the mean values of porosity 𝜙 and reaction extent 𝛼 in the combined
reacted and transition zones as

𝛼 =
[ 2hr + hp

2(hr + hp)

]
𝛼r, (11)

and

𝜙 =
2𝜙rhr + (𝜙r + 𝜙i)hp

2(Hr + hp)
. (12)

4. Results

We performed three sets of experiments. The main set of experiments was conducted on hydrating bassanite
samples as described above. In addition, we performed a single experiment on a dry bassanite sample in an
identical setup as the main set of experiments, except that no water was introduced to the sample. The dry
experiment was conducted at the largest axial load subjected to the reacting samples and serves to illustrate
that little deformation takes place in the dry regions of the hydrated bassanite samples. We also performed
two experiments on cold-pressed gypsum samples that were otherwise identical to experiments on bassanite
samples. The gypsum experiments enable an estimate of the amount of creep compaction that occurs in
the product gypsum phase during bassanite hydration experiments. All experimental data are contained in
Data Set S1.

4.1. Experiments on Bassanite
Axial strain data from all experiments on bassanite samples are shown in Figure 2. We report axial strain as
𝜖a = Δh∕hi and define positive strain as expansion relative to the initial sample height hi. The applied axial
loads range from ∼12 to 3,926 kPa (Table 2). Fluctuations appear in the strain data near the end of some
experiments, particularly samples B26 and B29, when the samples have largely stopped deforming. These are
due to sensitivity of the linear variable displacement transformer to daily changes in the room temperature,
on the order of 3 μm/∘C. Note that time is plotted on a logarithmic scale in Figure 2, so these fluctuations
occur over longer times than may at first be apparent.

In most of the experiments, measurable strain starts to develop within 2 min after introducing the water. Two
experiments (B22 𝜎a = 12 kPa and B33 𝜎a = 3, 166 kPa) did not begin to develop measurable strain until over
an hour after the addition of water. For ease of comparison with the other experiments, the axial strain data
for B22 and B33 have been shifted by 15,015 and 4,715 s, respectively.

The samples exhibit a variety of behaviors, but in general there is a relatively fast, initial phase of deforma-
tion followed by a slower secondary phase. The exception is sample B35 (𝜎a = 3, 926 kPa) without any water.
Expansion during the initial phase only occurred in samples subjected to axial loads 𝜎a ≤ 150 kPa (B22,
B28, B29, and B30). All other samples compacted initially, so that the change from initial expansion to initial
compaction occurs in the range 150 kPa < 𝜎a < 230 kPa.

Expansion after the initial phase of compaction occurred in samples subjected to loads in the range
230–3,166 kPa (B21, B24, B26, B27, B31, and B33), with the exception of B25. For 𝜎a = 330 kPa (B26) and
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Figure 2. Axial strain data for all bassanite hydration experiments, computed as 𝜖a = Δh∕hi . The legend shows the
experiment number by color, along with the applied axial load 𝜎a in kPa. No water was added to experiment B35.
See Table 2 for parameters corresponding to each experiment number.

𝜎a = 502 kPa (B21 and B24), a final phase of very slow compaction occurred. Sample B27 monotonically
expanded after initial compaction and resulted in net expansion at the largest axial load (230 kPa) that
we observed.

The boundary between secondary expansion and compaction is located at 𝜎a = 3, 553 kPa (B34), where
essentially no deformation was observed after initial compaction. Sample B25 was anomalous in that it also
did not deform after initial compaction at 𝜎a = 2, 024 kPa, while sample B31 expanded considerably after
compaction under the same load. The only sample that compacted directly after initial compaction was B32
at 𝜎a = 3, 926 kPa.

Figure 3a shows the thicknesses of the reacted hr (triangles) and its combined thickness hr + hp with the
transition (diamonds) region observed in the samples, normalized by the final total height hf . Values are listed
in Table 2. In samples with no visible transition region (i.e., hp = 0), hr = hf . Except for sample B26 (𝜎a =
330 kPa), transition regions are not observed at axial loads 𝜎a ≤ 502 kPa. Additionally, unreacted material is
only observed at axial loads 𝜎a ≥ 2, 024 kPa. Generally, the thickness of the reacted and transition regions
together hr + hp encompasses the entire sample up to 𝜎a = 2, 024 kPa and then begins to decrease with
increasing load, reaching only ∼0.6 hf at 𝜎a = 3, 928 kPa.

Figure 3b shows the estimated reaction extent 𝛼r in the reacted region (circles). These values fall in the range
0.75–0.95 and do not show any obvious trend with applied load. Figure 3b also shows the mean reaction
extent 𝛼 in the reacted and transition regions combined (squares) and gives a measure of the total amount of
reacted material in samples where a transition region was observed. These values, combined with the values

Figure 3. (a) Thicknesses of the reacted region hr (triangles) and its combined thickness hr + hp with the transition
(diamonds) region, normalized by the final total height hf . (b) Estimated reaction extent 𝛼r in the reacted region (circles)
and mean reaction extent 𝛼 in the reacted and transition regions combined (squares). (c) Change in porosity 𝜙r − 𝜙i in
the reacted region (circles), normalized by the initial porosity, and normalized change in mean porosity 𝜙 − 𝜙i in the
reacted and transition regions combined (squares). Colors are as in Figure 2.
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Figure 4. (a) Corrected axial strain data for bassanite hydration experiments with axial load 𝜎a ≥ 2 MPa, computed as
𝜖′a = Δh∕hr

i . (b) Minimum strain (circles) and the difference between the final and minimum strains (squares) for each
experiment. Colors are as in Figure 2.

of 𝛼r for samples without a transition region, show a general decrease with increasing load, from 0.77 to 0.87
at loads up to 502 kPa, falling to 0.61 to 0.67 at higher loads.

Estimates of the change in porosity𝜙r −𝜙i in the reacted region (circles), normalized by the initial porosity, are
shown in Figure 3c. There is a general log linear increase in the magnitude of porosity change with increas-
ing load, although sample B31 (𝜎a = 2, 024 kPa) deviates from the observed trend. The magnitude of the
porosity decrease increases from 70% to 80% at 𝜎a = 12 kPa, to 90% to 100% at the highest loads. As for the
reaction extent, Figure 3c also shows the normalized change in mean porosity𝜙−𝜙i in the reacted and transi-
tion regions combined (squares). The magnitude of the porosity change when considering these two regions
together is between 10% and 30% larger than the change in just the reacted region, since the porosity in the
transition region increases toward 𝜙i at hr + hp.

In samples with unreacted regions, computing strain relative to the total initial height as in Figure 2 under-
estimates the actual strain in the reacted and transition regions, since only material with an initial height
hi

r = hr + hp + Δh deformed. A corrected strain, defined as 𝜖′a = Δh∕hi
r , serves as a more accurate mea-

sure of strain in these samples. However, uncertainties in the location of hp will introduce uncertainty into
the value of 𝜖′a. The corrected strains for these experiments (B25, B31–B34, 𝜎a = 2, 024–3, 928 kPa), shown in
Figure 4a, illustrate that the magnitude of the corrected strain generally becomes larger with increasing axial
load as should be expected, whereas the uncorrected strain data in Figure 2 do not show this behavior for
𝜎a ≥ 2, 024 kPa.

The strain results are summarized in Figure 4b, which shows the minimum strains (circles), as well as the
difference between the minimum and final strains (squares) for each experiment as a function the applied
load. For experiments that experienced only expansion (𝜎a ≤ 150 kPa), the minimum strain is 0. For experi-
ments that compacted initially, but then expanded (230 kPa ≤ 𝜎a ≤ 3, 166 kPa, with the exception of B25 at
𝜎a = 2, 024 kPa), the minimum strain is negative and the difference between the final and minimum strains is
positive. For experiments that experienced only compaction (𝜎a ≥ 3, 553 kPa) the minimum strain is negative
and the difference between the final and minimum strains is 0. Vertical dashed lines located at 𝜎a = 190 kPa
and 𝜎a = 3, 553 kPa separate the three groups.

4.2. Experiments on Gypsum
In order to quantify the amount of creep in the product gypsum phase that can be expected in the bassanite
hydration experiments, we performed two experiments on pure gypsum samples using the same procedures
as for tests on bassanite samples (Figure 5). One experiment (G11) was performed at 12-kPa axial load that
reached a final strain of about −0.4% after 45 hr, and another experiment (G12) was performed at ∼2-MPa
axial load and reached a final strain of about −5.3% after 174 hr. As expected both samples exhibit mono-
tonic compaction, since there is no reaction occurring. The strain data in Figure 5 are overlain by theoretical
predictions discussed in section 5.2.
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Figure 5. Axial strain data for gypsum creep experiments. The legend shows the experiment number by color.
See Table 2 for parameters corresponding to each experiment. The dotted and dashed lines show strain predicted from
equation (25), with grain sizes d = 100 μm and d = 250 μm, respectively, and appropriate values of 𝜎a.

5. Discussion
5.1. Factors Leading to Expansion Versus Compaction
The reaction and strain rates during bassanite hydration experiments depend on the availability of fluid and
the applied load. Samples react and deform as water flows up the sample and infiltrates initially unsaturated
bassanite. As the reaction proceeds, the porosity of the reacting region decreases, lowering permeability and
affecting the infiltration rate, which also depends on the wetting behavior of the bassanite and gypsum grains
comprising the porous skeleton (Scherer, 2004).

To aid in interpreting the experiments we can divide a hydrating sample into two regions: (1) the infiltration
front and (2) the wetted region below the front. Deformation at the beginning of experiments is likely dom-
inated by behavior at the infiltration front, since 𝛼 = 0 here and the reaction rate according to equation (2)
will be faster than elsewhere. Eventually the infiltration front will reach the top of the sample, or some equi-
librium height hr +hp, and stop moving, at which point deformation is due only to the behavior in the wetted
region where 𝛼 is nonzero and increasing and the reaction rate is slowing down.

An explanation for the general behavior of the experiments is that the relatively fast primary phase of defor-
mation coincides with a moving infiltration front and the slower secondary phase begins when the movement
of the infiltration front stops. About 1 g of water enters the most reacted samples over the course of an exper-
iment, which equates to a drop in the water level of the pan by only ∼50 μm. Our experimental setup does
not allow for measurements of flow rates at this magnitude; thus, this hypothesis cannot be validated from
the available data; however, it offers a simple explanation for the observed change in strain rates.

Further understanding of the experimental results can be gained by considering the volume change require-
ments for expansion to occur at a single grain contact. Local expansion will occur at a grain contact if the
volume of gypsum precipitated there is larger than the volume of bassanite that dissolved. For example, if
a given volume of bassanite dVB dissolves at a grain contact, it can precipitate as gypsum with a volume of
dVG = (Vm,G∕Vm,B)dVB, where Vm,G and Vm,B are the molar volumes of gypsum and bassanite. For zero strain
to occur at this grain contact, a volume of gypsum equal to dVB must precipitate there as opposed to in the
pore space, which corresponds to 100 × (Vm,G − Vm,B)∕Vm,G ≈ 27% of the total precipitated gypsum volume
dVG. Thus, the bulk sample behavior (compaction versus expansion) depends not only on the stoichiometry
of the reaction but also on the porosity of the sample, and it is theoretically possible for the reaction to cause
compaction even when the solid volume increases.

This calculation ignores many effects that can occur during dissolution/precipitation reactions in porous
media, for example, the possibility of gypsum derived from dissolution of bassanite along pore walls precip-
itating in grain contacts. In addition, pressure solution creep can occur at gypsum grain contacts, causing
further compaction. The net strain behavior results from the distribution of these processes throughout the
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entire sample, which in turn are controlled by reaction rates, movement of Ca+ and SO−
4 ions through grain

boundary fluid films and pore fluid as well as movement of the pore fluid itself, the local solubility of gypsum
and bassanite, and the magnitude of the applied load. A sophisticated multiphysics model would be needed
to evaluate the relative contribution of all these effects on the deformation behavior of hydrating porous
materials (see Coussy, 2006; Malvoisin, Podladchikov, et al. 2017).

Monotonic expansion occurred at axial loads 𝜎a ≤ 150 kPa (Figure 2, Samples B22, B27, B29, and B30). Since
these samples expanded immediately, we can infer that net expansion occurred at the infiltration front as it
moved up the sample. Precipitation in the pore space at the infiltration front likely also occurred, since the
porosity of these samples reduced by 70–75% (Figure 3c). While it is difficult to identify a secondary defor-
mation phase in the samples subjected to 𝜎a = 12 kPa, sample B28 (𝜎a = 150 kPa) showed a clear transition
from relatively fast expansion at early times to slower expansion toward the end of the experiment. The sec-
ondary, slow expansion phase in B28 can be explained by sufficient precipitation at grain contacts within the
wetted region after the infiltration front had stopped moving and implies that expansion took place within
the wetted zone while the infiltration front was moving as well.

At axial loads 𝜎a ≥ 230 kPa, compaction occurred during the initial phase of deformation, implying that insuf-
ficient precipitation took place in grain contacts to cause net expansion within the infiltration front. At loads
230 kPa ≤ 𝜎a ≤ 3.2 MPa, secondary expansion took place after initial expansion, caused in the same manner
as the secondary expansion described for sample B28. If at these loads the wetted region was expanding while
the infiltration front was moving, then to result in net compaction it must have occurred at a slower integrated
rate than compaction at the infiltration front. This seems to be the case, since when expansion occurred after
initial compaction, it took place at a much slower rate. For axial loads 𝜎a ≥ 3.6 MPa, secondary compaction
(B32, 𝜎a = 3.9 MPa) or no deformation (B34, 𝜎a = 3.6 MPa) took place after initial compaction (Figure 4).

Figures 2 and 4 illustrate that there is a crystallization-induced stress 𝜎
(i)
c separating expansion from com-

paction in both the primary (i = 1) and secondary (i = 2) deformation phases. For the primary deformation
phase 𝜎

(1)
c is constrained by experiments B27 and B28 so that 150 kPa < 𝜎

(1)
c < 230 kPa. For the secondary

deformation phase the load is constrained by experiment B34 so that 𝜎(2)
c = 3.6 MPa. Accordingly with the

previous discussion, the primary-phase crystallization-induced stress corresponds to conditions at the high
porosity (𝜙 ≈ 0.3), moving infiltration front, while the secondary-phase crystallization-induced stress corre-
sponds to conditions in the lower porosity (𝜙 ≤∼0.1) wetted region. Aside from the differences in porosity, the
order of magnitude discrepancy in these values might be explained by the presence of a liquid-vapor surface
such as exists at the infiltration front and/or the local reaction extent.

As noted in section 2.2 and Table 1, the experimentally determined values of 𝜎c are 1–2 orders of magni-
tude smaller than the thermodynamically predicted value of the crystallization pressure Δp. Experimental
studies on other reactions have found similar results. Wolterbeek et al. (2017) performed uniaxial deforma-
tion and hydration experiments on porous samples of calcium oxide (CaO) that were reacted with water to
form portlandite [calcium hydroxide, Ca(OH)2]. Following equation (6), they predicted a crystallization pres-
sure of Δp ≈ 3.4 GPa and observed a crystallization-induced stress of 153 MPa determined by a change from
net expansion to net compaction. Wolterbeek et al. (2017) attributed the discrepancy to reaction-induced
stresses closing fluid pathways and thus limiting reaction progress and stress buildup to GPa levels. The order
of magnitude difference that we observed between 𝜎

(1)
c and 𝜎

(2)
c is consistent with a dependence of 𝜎c on the

reaction extent, since 𝛼 at the infiltration front should be much lower than in the wetted region. However, our
results do not support the idea that limited reaction progress prevented 𝜎

(2)
c from approaching the crystalliza-

tion pressure Δp = 185 MPa during secondary-phase deformation, since samples subjected to the highest
loads reached reaction extents as large as 0.93 (Figure 3b).

5.2. Model for Strain as a Result of Solid Volume Increase and Gypsum Creep
To facilitate comparison between the bassanite hydration experiments, the strain after 40 hr is shown in
Figure 6a as a function of the applied axial load. The experimental strains decrease nonlinearly with the loga-
rithm of the axial load. These results can be explained by a phenomenological model for strain development
due to a competition between reaction-induced volume expansion and compaction due to gypsum creep.
To further simplify the analysis, we assume that the pore volume and grain contacts are saturated with pure
water at all times. This amounts to ignoring fluid flow during the infiltration process and allows for charac-
terization of the kinetics of the bassanite hydration reaction and gypsum creep using previously published
empirical relationships.
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Figure 6. (a) Strain after 40 hr computed with hi (𝜎a ≤ 502 kPa) and hi
r (𝜎a ≥ 2, 024 kPa) as a function of the applied

axial load 𝜎a . Symbol colors are as in Figure 2. The dashed lines show predictions for grain sizes d = 75 μm (red) and
d = 110 μm (blue). (b) Predicted crystallization-induced stress as a function of the initial porosity for grain sizes
d = 75 μm (red), d = 110 μm (blue), d = 200 μm (green), and d = 400 μm (pink). The experimentally determined
crystallization-induced stresses are shown by the horizontal dotted (𝜎(1)c ≈ 190 kPa) and dashed (𝜎(2)c ≈ 3.6 MPa) lines.
The vertical lines show the experimental initial porosity (solid) and final porosity for B34, 𝜎a ≈ 3.6 MPa (dash-dotted,
𝜙f = 0.043).

In this section we develop equations for the net strain in a zero-dimensional system that considers dissolution
of bassanite and concurrent precipitation of gypsum, which increases the solid and bulk volume. At the same
time, we allow for a fraction of gypsum precipitation to “passively” decrease the pore volume, that is, this
“pore invasion” does not change the bulk volume. We also allow for the pore and bulk volumes to decrease by
compaction controlled by creep in the gypsum phase. This simple model is intended to illustrate how these
competing volume-changing processes offer an explanation for the magnitude of reaction-induced stresses.

At any time, the total bulk volume Vb(t) of the reacting system is equal to addition of the solid Vs(t) and pore
Vp(t) volumes, and so the change in bulk volume is given by

ΔVb = ΔVs + ΔVp. (13)

The change in solid volume is the addition of the change in bassanite volume ΔVB, which is always negative,
with the change in gypsum volume ΔVG, which is always positive. We define a “pore invasion parameter” 𝜉,
such that gypsum formation decreases the pore volume by 𝜉ΔVG. The pore volume may also decrease from
compaction by an amount ΔVc

p . Substituting these considerations into equation (13) yields

ΔVb = ΔVc
p + ΔVB + (1 − 𝜉)ΔVG, (14)

again noting that ΔVc
p , ΔVB < 0, and ΔVG > 0. These volume change considerations are shown schematically

in Figure (7).

The changes in solid volume, ΔVG and ΔVB, depend on the reaction extent according to

ΔVB(t) = −(1 − 𝜙i)Vi
b𝛼(t), (15)

and

ΔVG(t) =
(

Vm,G

Vm,B

)
(1 − 𝜙i)Vi

b𝛼(t), (16)

where Vi
b is the initial bulk volume and Vi

s = (1 −𝜙i)Vi
b is the initial solid volume. Now the bulk strain, defined

relative to Vi
b, may be written by substituting equations (15) and (16) into equation (14) and dividing by Vi

b,
so that

𝜖b =
[
(1 − 𝜉)

(
Vm,G

Vm,B

)
− 1

]
(1 − 𝜙i)𝛼(t) + 𝜖c

b, (17)
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Figure 7. Schematic illustration of the volume change considerations described by equation (14). (a) Initial bulk volume
Vi

b
consists of bassanite Vi

B
(green) and pore (white) volumes Vi

p . (b) At later times t, bassanite volume has decreased
by ΔVB(t) and gypsum volume (brown) has increased by ΔVG(t). Some fraction 𝜉 of the new gypsum has invaded
the pore volume, which has been further reduced by ΔVc

p(t) via compaction. The dashed box and dash-dot line indicate
the extent of the initial pore and bassanite volumes, respectively.

where 𝜖b = ΔVb∕Vi
b and 𝜖c

b = ΔVc
p∕Vi

b. Equation (17) is a statement that the total bulk strain 𝜖b is due to
a combination of strain due to pore compaction 𝜖c

b and strain due to reaction-induced increases in solid
volume, accounting for invasion of the pore volume. The bulk strain rate 𝜖̇b is found by taking the derivative
of equation (17) with respect to time and depends on both the reaction 𝛼̇ and compaction 𝜖̇c

b rates, which
will in turn both depend on the porosity.

The porosity at any time may be written as

𝜙(t) = 1 −
Vs(t)
Vb(t)

. (18)

Taking the derivative with respect to time yields

𝜕𝜙

𝜕t
= (1 − 𝜙)

[(
Vi

b

Vb(t)

)
̇𝜖b −

(
Vi

s

Vs(t)

)
𝜖̇s

]
, (19)

where the solid strain has been defined with respect to the initial solid volume. Expressions for all of the
quantities within the square brackets are required to complete the formulation. There is an additional physical
constraint in that both 𝜖̇b and 𝜖̇s must go to 0 as 𝜙 → 0, to ensure that 𝜙̇ goes to 0 under the same limit. From
equations (15) and (16), the solid strain rate is

𝜖̇s =
ΔV̇s

Vi
s

=
(

Vm,G

Vm,B
− 1

)
𝛼̇(t), (20)

and the bulk strain rate is found from equation (17). The current solid volume is given by

Vs(t) = ΔVs + Vi
s =

[(
Vm,G

Vm,B
− 1

)
𝛼(t) + 1

]
Vi

s. (21)

The current bulk volume is found from equations (15)–(17)

Vb(t) = ΔVb + Vi
b =

{[
(1 − 𝜉)

(
Vm,G

Vm,B

)
− 1

]
(1 − 𝜙i)𝛼(t) + 𝜖c

b + 1

}
Vi

b, (22)

again noting that 𝜖c
b < 0. Finally, the porosity at any time may be written by inserting equations (21) and (22)

into equation (18), so that

𝜙(t) = 1 −
1 +

(
Vm,G

Vm,B
− 1

)
𝛼(t)

1+𝜖c
b

1−𝜙i
+
[
(1 − 𝜉) Vm,G

Vm,B
− 1

]
𝛼(t)

. (23)
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The value of 𝜉 can be estimated from experiments conducted with an axial load of 12 kPa (B22, B29, and B30).
Based on the results of experiments on pure gypsum, we assume that a creep strain of 0.5% developed in
the 𝜎a = 12-kPa bassanite experiments. Then equation (23) can be rearranged to solve for 𝜉 using the final
porosity and reaction extent from the experiments. The three experiments give an average value of 𝜉 = 0.24.
To simplify our calculations we assume this value for all values of 𝜎a.

It is important to emphasize that no assumptions regarding the applied stress state or internal sample struc-
ture are inherent in equations (13)–(23). These equations have been derived solely from considerations of
volume changes in a reacting porous material. However, equation (17) indicates that an expression for the bulk
compaction strain 𝜖c

b is needed to complete the formulation. The explicit dependence of 𝜖c
b on the applied

stress state determines the appropriate conditions for the application of these equations.

We use equation (2) to determine the reaction extent at any time but modify it to include a linear dependence
on porosity to mimic the effect of water supply on the reaction rate (e.g., Iyer et al., 2012), so that

𝛼̇ = K𝛼𝜙(1 − 𝛼)2. (24)

To describe creep in the product gypsum phase we make use of the work of de Meer (1995), who found that
the bulk strain rate due to uniaxial creep of wet gypsum can be described by an equation of the form

𝜖̇ =
A𝜎2

a

d2.5𝜖3
, (25)

where A is a constant equal to 4 × 10−33 and d is the grain size in meters. Equation (25) gives the strain rate
due to compaction via decrease in the pore volume. In other words, since no reaction was involved in the
experiments by de Meer (1995), there is no change in solid volume involved. Strain has been left without a
subscript in equation (25), as it does not strictly apply to the model being developed here.

The power law dependence of strain rate on strain given by equation (25) was determined by fitting lines to
log-log plots of strain rate versus strain. Because of this, although equation (25) predicts a decrease in porosity,
it does not strictly depend on porosity in a theoretical sense and is an empirical formulation that does not
produce physical behavior under limiting conditions. For example, 𝜖̇ → ∞, as 𝜖 → 0, whereas a physical limit
requires 𝜖̇ to approach a constant value, or 0, under this limit. Likewise, for 𝜖̇ → 0 in equation (25) one must
have 𝜖 → ∞, where again a physical limit would have the strain rate approach 0 at some finite value of the
strain. In the context of the model developed in this section, the unphysical limiting behavior will result in the
development of negative values of porosity, since there is nothing in equation (25) preventing compaction
from continuing as the pore volume is reduced to 0.

To circumvent this difficulty, we make an ad hoc change to equation (25) and assume that the strain rate due
to compaction depends linearly on the porosity and that the dependence on 𝜖−3 is replaced by (𝜖 + 𝛿)−3,
where 𝛿 is an arbitrarily small constant. In addition, since compaction depends on the presence of gypsum,
none can occur until gypsum has formed. Thus, we make another ad hoc assumption that the compaction
rate depends linearly on the reaction extent, so that

𝜖̇c
b = 𝛼𝜙

[
A𝜎2

a

d2.5(𝜖c
b + 𝛿)3

]
. (26)

The strain in equation (26) is now identified as the strain due to compactive reduction in pore volume that
appears in equations (17), (22), and (23). The additional dependencies on 𝛼 and 𝜙 in equation (26) are not
meant to rigorously represent any specific processes but only to produce physical limiting behavior when any
of 𝛼, 𝜙, and/or 𝜖c

b are equal to 0. These dependencies may certainly result in deviations from the true behavior
of the reacting porous aggregates in our experiments. However, the modifications allow for the use of relevant
experimental data and provide an illustration of how simultaneous compaction and expansion due to the
reaction can affect crystallization-induced stresses. Finally, we set 𝛿 = −10−9, so that the strain rate predicted
by equation (26) is always negative.

With 𝛼 = 1, equation (26) does a reasonably good job of reproducing the results of the experiments on pure
gypsum that we performed (Figure 5). At an axial load of 𝜎a = 12 kPa the strain data are fit using a grain size of
d = 100 μm, while for 𝜎a = 2 MPa a grain size of d = 250 μm is required. These grain sizes are within the range
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of initial grain sizes measured for the gypsum powder. The difference in grain sizes for the two axial loads is
possibly due to a dependence of the water infiltration rate on the axial load but may also result in deviations
of the true behavior from that described by equation (26).

The time derivative of equation (17) along with equations (22)–(24) and (26) form a coupled system of ordinary
differential equations for 𝜙, 𝛼, and 𝜖c

b. Examples of model results for 𝜎a = 12 kPa and 𝜎a = 4 MPa are shown in
Figure S6. We solve these equations in MATLAB using a standard ODE integration scheme and find the bulk
strain by inserting the computed values of 𝛼 and 𝜖c

b into equation (17). Figure 6a shows the computed bulk
strain after 40 hr for initial porosity 𝜙i = 0.3 and gypsum grain sizes d = 75 and 110 μm. The smaller range
of grain sizes relative to those used to fit the gypsum creep experiments may be due to the fact that gypsum
grains have to nucleate and grow during the bassanite hydration experiments. Again, these differences in
behavior may also be due to inaccuracies involved with equation (26).

Although the model reproduces the strain results after 40 hr, it does not reproduce the transitions from ini-
tial compaction to secondary expansion that occurred in the experiments. Reproducing this behavior likely
requires a more sophisticated model that includes unsaturated fluid flow and the effects of a moving infiltra-
tion front. However, the crystallization-induced stress predicted by equations (23), (24), and (26) does depend
strongly on the initial porosity and the grain size. Figure 6b shows the theoretical crystallization-induced stress
for grain sizes d = 75, 110, 200, and 400 μm. For each line in Figure 6b, net expansion (compaction) occurs
for axial loads in the region below (above) the line. The location of each line was determined by running a set
of simulations with different initial porosities 𝜙i and axial loads 𝜎a, and for each value of 𝜙i , finding the value
of 𝜎a where the strain after 40-hr transitions from net expansion to net compaction. For d = 400, the pre-
dicted crystallization-induced stress is close to 𝜎

(2)
c for initial porosities in the range 𝜙0 = 0.1–0.22. Although

the experimentally determined secondary-phase crystallization-induced stress was obtained for a final poros-
ity of 𝜙f = 0.043, the results of the simple model generally indicate that the crystallization-induced stress
depends on the porosity in a manner similar to the experimental results.

5.3. Serpentinization
The good agreement that we obtain between our experimental and model results encourages application
of a similar model for volume change due to serpentinization. The formation of serpentinite via hydration of
olivine is an important process in a wide variety of geological settings, including in the alteration of oceanic
lithosphere at mid-ocean ridges (Escartín et al., 1997a) and subduction zone forearcs (Hilairet et al., 2007),
spheroidal weathering (Røyne et al., 2008), the geochemical cycling of volatiles (Kelemen et al., 2011), and in
abiotic synthesis of organic compounds (McCollom et al., 2010).

The hydration of olivine can lead to a solid volume increase of 40–50% (Kelemen & Hirth, 2012). Reaction
rates are highly dependent on the solid volume change (e.g., Malvoisin, Brantut, et al., 2017). If fluid pathways
are clogged by reaction products, the reaction rate will tend toward 0. However, if the reaction generates
stresses large enough to propagate fractures, fluid pathways will remain open and reaction rates will be rela-
tively high. Large degrees of serpentinization are commonly observed in the field (Iyer et al., 2008; Macdonald
& Fyfe, 1985) and can be reproduced by numerical models of olivine hydration that include fracturing pro-
cesses (e.g., Malvoisin, Podladchikov, et al., 2017; Rudge et al., 2010). However, only a few experimental studies
have observed reaction-induced fracturing during hydration reactions (Kuleci et al., 2017; Zhu et al., 2016)
and attempts at measuring reaction-induced stresses due to olivine hydration or carbonation have met with
limited success (Malvoisin & Brunet, 2014; van Noort et al., 2017).

Here we use the simple model outlined in the previous section and consider two representative reactions,
one for the formation of lizardite [Mg3Si2O5(OH)4] and brucite [Mg(OH)2] via hydration of forsterite olivine
[Mg2SiO4] (e.g., Kelemen & Hirth, 2012)

2Mg2SiO4 + 3H2O = Mg3Si2O5(OH)4 + Mg(OH)2 (27)

and one for the formation of antigorite [Mg48Si34O85(OH)62] via hydration of forsterite and enstatite
[Mg2Si2O6] (e.g., Ulmer & Trommsdorff, 1995)

14Mg2SiO4 + 10Mg2Si2O6 + 31H2O = Mg48Si34O85(OH)62. (28)
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Previously determined relations for the reaction rate and creep behavior of serpentinite allow for an esti-
mate of confining pressures and temperatures where the reaction will lead to expansion or compaction. To
interpret our results, we will make a simple assumption that expansion is necessary to generate fractures.

Malvoisin et al. (2012) determined a temperature- and grain size-dependent kinetic relation for lizardite
formation, of the form (equations (A1) and (A2) in Malvoisin et al. (2012)

𝛼̇ =
[

nkf1𝜙

(d∕2)2n

]
(1 − 𝛼), (29)

where

f1 = Aexp
(
−b

T

){
1 − exp

[
−c

(
1
T
− 1

T0

)]}
. (30)

Malvoisin et al. (2012) provide a thorough discussion of equations (29) and (30). Parameter values are A =
808.3, b = 3, 640 K, c = 8, 759 K, and T0 = 623.6 K is the equilibrium temperature above which the reac-
tion will not proceed. The parameters n and k in equation (29) depend on grain size d, taking the values
(n, k) = (1.459, 0.008514) when d = 5–15 μm and (n, k) = (1.289, 0.0133) or (5.400, 8.561 × 10−7) when
d = 50–63 μm, depending on which pair of values gives the higher reaction extent as a function of time.

The only experimental study of antigorite formation was conducted by Eggler and Ehmann (2010). They deter-
mined the kinetics of reaction (28) at 2 GPa confining pressure and temperatures in the range 600–680∘C,
finding

𝛼̇ = 𝜙KrAi
𝜃

Vm,Ant

(Teq

T
− 1

)
(1 − 𝛼)p), (31)

where Kr = 9.2×10−12 mol⋅m−2⋅s−1 is an empirical rate constant, Ai
𝜃

is the initial specific surface area, Vm,Ant =
1.754 × 10−3 m3/mol is the molar volume of antigorite, Teq = 6, 432∘C is the equilibrium temperature of
reaction (28) at 2 GPa, and p is a function of grain shape. For spherical grains p = 2∕3 (Eggler & Ehmann,
2010) and Ai

𝜃
= 6∕d m−1. We note that the value of Kr was incorrectly reported by Eggler and Ehmann (2010)

as 9.2 × 10−11 mol⋅m−2⋅s−1 due to a unit conversion error. As for equation (24), equations (29) and (31) are
modified to include a linear dependence on porosity.

Amiguet et al. (2012) studied the creep behavior of lizardite at pressures of 1–8 GPa and temperatures of
150–400∘C and found that their results were reasonably well described by flow laws for micas, so that creep
strain rate depends on temperature and pressure as

𝜖̇c = −C𝛼𝜙exp
(

𝜎

0.41MPa
− 82kJ/mol

RT

)
, (32)

where C = 4.6 × 10−6. The creep behavior of antigorite can be modeled using the results of Hilairet et al.
(2007), who conducted deformation experiments at pressures of 1–4 GPa and temperatures of 200–500∘C.
Their strain rate data were best fit by a power law of the form

𝜖̇c = −A𝛼𝜙𝜎nexp
[
−

8.9kJ/mol + Pe × 3.2cm3∕mol

RT

]
, (33)

where Pe is the effective confining pressure and A = 4 × 10−38, n = 3.8.

Both equations (32) and (33) were determined from experiments on dense samples under conditions of
applied differential stress. To incorporate them into our model formulation, equations (32) and (33) are mod-
ified as in equation (26) to include a linear dependence on both porosity and reaction extent. Multiplying
the creep strain rates by porosity essentially results in volumetric creep laws, albeit ones likely prone to large
errors. For example, the effect of porosity would be to intensify grain-scale stresses, likely leading to larger
creep strain rates relative to dense samples. As for the application to our experimental results, the intent of
these calculations it to illustrate how deformation in the product phase of a hydration reaction can poten-
tially limit the magnitude of the crystallization-induced stresses. We maintain the simple linear dependence
for simplicity, and note that higher creep strain rates would lead to even lower crystallization-induced stresses
than are shown in the calculations below.
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Figure 8. Results of expansion/compaction calculations for lizardite (a) and (b) and antigorite (c) and (d) formation. In
panels (a) and (c) the boundaries between net compaction and net expansion are shown by the gray regions.
Simulations resulted in net expansion (compaction) for values below (above) the gray band regardless of parameter
values. Values of d and 𝜉 used to determine the edges of the gray regions are indicated next to thick black lines. Solid
black lines correspond to experimental temperatures from Malvoisin et al., 2012 (2012; panel a) and Eggler and Ehmann
(2010; panel c). For all simulations 𝜙i = 0.01. (a) Results for lizardite. The expansion/compaction boundary for simulations
with d = 63 μm falls within the gray region. (b) Crystallization pressure for reaction (27). Heavy lines correspond to those
in panel a. (c) Results for antigorite. All simulations with 𝜉 = 0.3 resulted in net compaction regardless of temperature or
confining pressure. (d) Crystallization pressure for reaction (28). Heavy black lines are as in panel (c).

We performed two sets of simulations: one for lizardite using equations (29), (30), and (32), along with
equation (23) appropriately modified for reaction (27) (see Appendix A) and one for antigorite using
equation (31) and equation (33), along with equation (23) modified for reaction (28). Each set of simulations
produces a phase diagram that separates regions of net compaction from regions of net expansion as a func-
tion of confining pressure and temperature (Figure 8). Since the compaction rate equations (32) and (33) were
determined for dense samples, we set the initial porosity to 𝜙i = 0.01 for all simulations. We varied the values
of the grain size from d = 5–63 μm for lizardite, from d = 5–100 μm for antigorite, and the value of the pore
invasion parameter from 0 to 0.3 for each reaction, so that the boundary between compaction and expansion
is an extended region in P-T space (gray regions in Figures 8a and 8c).

Simulations were run until the reaction stopped, either due to full conversion of the reactants or due to reduc-
tion of porosity to a vanishingly small value. For simulations that resulted in net expansion, the reaction extent
is in the range 0.02–1, depending mainly on the value of 𝜉; reaction extents did not reach more than 0.02 in
simulations with net compaction. In regions outside of the gray and red regions in Figures 8a and 8c, simu-
lations predict net compaction or net expansion independent of the parameter values. Within these regions,
the behavior depends on the values of d and 𝜉.

For lizardite, the compaction/expansion boundary is located at 75–85 MPa at 0∘C and decreases to 30–40 MPa
at 350∘C (Figure 8a). For antigorite, the compaction/expansion boundaries occur at larger values of pres-
sure (and over a larger range) relative to lizardite, for similar simulation parameters (Figure 8c). The com-
paction/expansion boundary is located at 200–550 MPa at 0∘C and decreases to 0–37 MPa near the
equilibrium temperature 642∘C (Figure 8a). For lizardite, the decrease in the boundary stress with increas-
ing temperature is due to the increase in the creep compaction strain rate in equation (32). Although the
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reaction rate increases with temperature as well, in this case the compaction rate is large enough to dominate
the behavior. Similar behavior is observed in the antigorite calculation, although in this case the reaction rate
monotonically decreases with temperature.

Figures 8b and 8d show the crystallization pressures for reactions (27) and (28) calculated using equation (6).
Values were calculated using thermodynamic data from Holland and Powell (2011) for minerals and the
equation of state for pure H2O from Duan et al., 1992 (1992; see also Duan & Zhang, 2006; Kelemen &
Hirth, 2012). For lizardite, aside from low-pressure, high-temperature conditions where ΔG becomes positive
(lower right corner in Figure 8b), the crystallization pressure is greater than 100 MPa throughout most of the
region where net expansion occurs and reaches values up to 1.4 GPa so that the confining pressure along
most of the compaction/expansion boundary is about an order of magnitude lower than the corresponding
crystallization pressure.

Lizardite is frequently observed at slow and ultraslow spreading ridges where serpentinized peridotites are
observed to outcrop preferentially toward the end of spreading segments and in particular at the inside corner
of ridge-offset intersections (Cannat et al., 1995; Escartín et al., 1997b; Tucholke & Lin, 1994). Estimates based
on seismic velocities indicate that serpentinization likely occurs at depths up to 6 km at the Mid-Atlantic Ridge
(Canales et al., 2000; Cannat et al., 2013). The confining pressures in the lizardite expansion field in Figure 8a
correspond to depths up to 2–3 km, so the results of our simple model imply reaction-induced fracturing only
in the shallowest regions.

For antigorite, the boundary between compaction and expansion falls well below 2 GPa, at values of confining
pressure where the hydration of olivine and talc [Mg3Si4O12(OH)2]

18Mg2SiO4 + 4Mg3Si4O12(OH)2 + 27H2O = Mg48Si34O85(OH)62 (34)

would be expected to take place rather than reaction (28) (Ulmer & Trommsdorff, 1995). We are not aware
of any kinetic relations for the rate of reaction (34). Additionally, the kinetic relation for reaction (28) is only
strictly valid for 2-GPa confining pressure and temperatures in the range 600∘ –642∘ . These considerations
make interpretation of the antigorite calculation ambiguous. However, for the sake of discussion Figure 8d
compares the calculated compaction/expansion boundary with the crystallization pressure of reaction (28).
The values of confining pressure along the boundary are lower than the crystallization pressure by between
an order of magnitude and a factor of 3.

6. Conclusion

Thermodynamic considerations indicate that large crystallization-induced stresses can be generated due
to hydration reactions. We conducted uniaxial strain experiments on samples of reacting porous bassanite,
under axial loads in the range 12 kPa ≤ 𝜎a ≤ 3, 928 kPa. The experiments generated crystallization-induced
stresses no more than an order of magnitude less than the crystallization pressure Δp = 185 MPa.

At large porosities, when the reaction extent is small and the reaction rate is large, crystallization-induced
stress occurred in the range 150 < 𝜎

(1)
c < 230 kPa. At lower porosities, when the reaction extent is larger

and the reaction rate is slower, crystallization-induced stress reached 𝜎
(2)
c = 3.6 MPa. The notion that

reaction-induced stresses were limited by the strength of the porous aggregate is supported by the results of
a simple numerical model that predicts strain due to the competing processes of solid volume increase and
porosity reduction due to creep in gypsum. This model also predicts up to an order of magnitude increase in
the induced stress with reduction of the initial porosity at the start of the reaction process.

The application of a similar model to the hydration of olivine similarly predicts crystallization-induced stresses
about an order of magnitude lower than thermodynamically predicted crystallization pressures for both
the formation of lizardite and antigorite. The mechanism leading to this reduction is the same as for the
bassanite-gypsum model: pore compaction due to creep in the product serpentinite phase. For lizardite, the
model predicts that net expansion, and by inference, induced cracking, due to the hydration reaction is limited
to confining pressures less than 30–90 MPa, increasing with decreasing temperature.

Appendix A: Porosity Change for Simple Grain Contact Reaction Model

The porosity equation (23) must be appropriately modified to account for the stoichiometry of the serpen-
tinization reactions considered in section 5.3. This amounts to properly writing the solid volume change ΔVs
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in terms of the reaction extent 𝛼, the molar volumes of the products and reactants, and the stoichiometric
coefficients. For a general hydration reaction we can write

∑
𝛾

𝜈𝛾A𝛾 + 𝜈wH2O =
∑
𝛽

𝜈𝛽A𝛽 , (A1)

where 𝜈 are the stoichiometric coefficients with 𝛾 denoting reactants and 𝛽 denoting products. The change
in the volume of a given mineral participating in the reaction can be written in terms of the volume change
of any other mineral, such that

ΔV𝛾=i

𝜈𝛾=iVm,𝛾=i
=

ΔV𝛾

𝜈𝛾Vm,𝛾

= −
ΔV𝛽

𝜈𝛽Vm,𝛽

, (A2)

where 𝛾 = i denotes a specific reactant mineral and Vm, denotes a molar volume. The solid volume change
due to the reaction is

ΔVs =
∑
𝛾

ΔV𝛾 +
∑
𝛽

ΔV𝛽 , (A3)

where by definition ΔV𝛾 < 0 and ΔV𝛽 > 0. Making use of equation (A2), equation (A3) becomes

ΔVs =
ΔV𝛾=i

𝜈𝛾=iVm,𝛾=i

(∑
𝛾

𝜈𝛾Vm,𝛾 −
∑
𝛽

𝜈𝛽Vm,𝛽

)
. (A4)

All of the quantities in equation (A4) are constants except for ΔV𝛾=i, the change in volume for a specified
reactant mineral. To complete the formulation, ΔV𝛾=i must be written in terms of the reaction extent 𝛼(t). If
𝜙𝛾 is the fraction of the solid volume for each reactant at the start of the reaction, then

ΔV𝛾 = −𝜙𝛾Vi
s𝛼, (A5)

where Vi
s is the initial solid volume. If we assume that the initial volumes of the reactants are stoichiometrically

balanced so that they are all exhausted when 𝛼 = 1, then the initial solid volume fraction of any specific
reactant can be written as

𝜙𝛾=i

𝜈𝛾=iVm,𝛾=i
=

𝜙𝛾

𝜈𝛾Vm,𝛾

. (A6)

Along with the requirement that
∑

𝛾
𝜙𝛾 = 1, equation (A6) gives

𝜙𝛾=i =
𝜈𝛾=iVm,𝛾=i∑

𝛾
𝜈𝛾Vm,𝛾

. (A7)

Substituting equations (A5) and (A7) into equation (A4), the change in solid volume can now be written as

ΔVs = Vi
s𝛼(t)

(∑
𝛽
𝜈𝛽Vm,𝛽∑

𝛾
𝜈𝛾Vm,𝛾

− 1

)
. (A8)

Similarly, the change in bulk volume due to the reaction can be written as

ΔVr
b = (1 − 𝜉)

∑
𝛽

ΔV𝛽 +
∑
𝛾

ΔV𝛾 , (A9)

= Vi
s𝛼(t)

[
(1 − 𝜉)

(∑
𝛽
𝜈𝛽Vm,𝛽∑

𝛾
𝜈𝛾Vm,𝛾

)
− 1

]
. (A10)
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Equations (A8) and (A10) can be used to write the porosity as a function of the reaction extent, for any
reaction, where

𝜙(t) = 1 −
Vs(t)
Vb(t)

= 1 −
Vi

s + ΔVs(t)
Vi

b + ΔVr
b + ΔVc

b

. (A11)

Noting that Vi
s = (1 − 𝜙i)Vi

b and ΔVc
b = 𝜖cVi

b, the final form of the porosity equation that we use is

𝜙(t) = 1 −
1 +

(∑
𝛽 𝜈𝛽Vm,𝛽∑
𝛾 𝜈𝛾Vm,𝛾

− 1

)
𝛼(t)

1+𝜖c

1−𝜙i
+
[
(1 − 𝜉)

(∑
𝛽 𝜈𝛽Vm,𝛽∑
𝛾 𝜈𝛾Vm,𝛾

)
− 1

]
𝛼(t)

. (A12)
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