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a b s t r a c t

Retrograde metamorphism (mineral hydration, carbonation and oxidation) is important in controlling

the composition and rheology of the Earth’s crust and upper mantle, particularly along tectonic plate

margins, and in proposed mechanisms for geothermal power generation and engineered, geological

carbon storage. Retrograde processes can lead to an increase in solid mass and volume, or can be

reduce permeability and reactive surface area, and/or lead to host rock deformation, via fracture and

frictional sliding or viscous flow. Which of these outcomes emerges in specific cases is determined in

part by the ‘‘crystallization pressure’’, which creates local gradients in pressure around growing

crystals, and thus a differential stress. We develop thermodynamic and mineral physics estimates of

the crystallization pressure and differential stress resulting from volume changes during olivine

hydration (serpentinization) and carbonation. Because olivine is so far from equilibrium with fluids

near the surface, the stress due to serpentinization and/or carbonation may exceed 300 MPa at

temperatures up to 200 1C or more, greater than required to fracture rocks and cause frictional failure

in the upper 10 km of the Earth. Provided that fluid access is initiated, for example along pre-existing

fractures, the volume change due to hydration and carbonation can cause fracture formation and

dilation, maintaining or increasing permeability and reactive surface energy in a positive feedback

mechanism.

& 2012 Elsevier B.V. All rights reserved.
1. Retrograde metamorphism of mantle olivine

Retrograde metamorphism – hydration, carbonation and oxida-
tion of igneous and metamorphic rocks – is an essential process in
Earth dynamics. In situ retrograde reactions, where the volatile-rich
product phase occupies the same location as the volatile-poor
reactant phase, are commonly referred to as replacement reactions.
Retrograde replacement of olivine ((Mg,Fe)2SiO4) by serpentine
((Mg,Fe)3Si2O5(OH)4) and/or magnesite ((Mg,Fe)CO3) is the focus of
this paper.

Typical residual mantle peridotite in ophiolites and mid-ocean
ridge peridotites is composed of 70–85% olivine, plus 5–15% dunite
in bands containing more than 95% olivine. Peridotite alteration
occurs at appreciable rates near the surface. For example, in their
classic paper Barnes and O’Neil (1969) estimated that dissolved Ca
in a single, small alkaline spring was extracted during serpentini-
zation of 103–104 t of peridotite per year. In the upper crust, at
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�200 MPa, mantle peridotite is unstable in the presence of water
below �700 1C (Evans, 1977), and unstable in the presence of CO2-
rich fluids below �500 1C (Johannes, 1969). The Fe component in
olivine is unstable at the high oxygen fugacity that prevails near
the Earth’s surface (Frost, 1985). At near-surface temperatures, e.g.,
50 1C, the energy density (free energy per unit mass) for olivine
hydration, carbonation and oxidation is of the order of 500 kJ/kg,
about 1% of the energy density for liquid hydrocarbon fuels.

Tectonic processes – such as seafloor spreading, or plate
collision followed by erosion – transport residual mantle perido-
tite to the Earth’s surface. These processes create a huge, near-
surface reservoir of potential energy. In turn, this chemical
potential drives retrograde metamorphism. Peridotite alteration
plays an essential role in controlling the rheology of oceanic
plates (Escartin et al., 1997) and subduction zones (Hilairet and
Reynard, 2009), causes forearc uplift (Stern and Smoot, 1998), and
fluxes arc magmatism (Ulmer and Trommsdorff, 1995). It plays a
significant role in the geochemical water and carbon cycles
(Hacker, 2008; Kelemen, et al., 2011). It produces some of the
most reduced fluids on the surface of the Earth (Frost and Beard,
2007), and generates steep compositional gradients that are
exploited by chemosynthetic organisms (Brazelton et al., 2010).
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It creates ideal conditions (low partial pressure of O2, reduced
carbon species such as CO and CH4 in aqueous solutions, stable
FeNi metal catalysts) for abiotic synthesis of organic compounds
(McCollom et al., 2010), and has been invoked as an essential
ingredient in the origin of life (McCollom, 2007).

Enhanced peridotite carbonation could play a significant role in
CO2 storage (Seifritz, 1990), or even a practical and inexpensive
route to geological CO2 capture (Kelemen et al., 2011; Kelemen and
Matter, 2008). Studies of the mechanisms that form fractures
during retrograde metamorphism of olivine (Jamtveit et al., 2008;
MacDonald and Fyfe, 1985; Rudge et al., 2010) may also yield key
insights into engineered creation of fracture systems for geothermal
power and extraction of unconventional hydrocarbon resources.

Hydration of end-member, Mg-olivine (forsterite) can take
place via the reaction:

2Mg2SiO4þ3H2O¼Mg3Si2O5ðOHÞ4þMgðOHÞ2
olivineþaqueous fluid¼ serpentineþbrucite

ðR1Þ

Carbonation of olivine can occur via the simplified reaction:

Mg2SiO4þ2CO2 ¼ 2MgCO3þSiO2

olivineþCO2 in fluid¼magnesiteþquartz
ðR2Þ

Combined hydration and carbonation can take place via a large
variety of processes, e.g.,

2Mg2SiO4þ2H2OþCO2 ¼Mg3Si2O5ðOHÞ4þMgCO3

olivineþaqueous fluidþdissolved CO2 in fluid¼ serpentineþmagnesite

ðR3Þ

4Mg2SiO4þH2Oþ5CO2 ¼Mg3Si4O10ðOHÞ2þ5MgCO3

olivineþaqueous fluidþdissolved CO2 in fluid¼ talcþmagnesite

ðR4Þ

These reactions can take on infinite variety when other
naturally available components – such as Fe, Ca, the solid mineral
pyroxene, or aqueous SiO2 – are included. As written, Reactions
(R1)–(R4) consume fluid components, increase the solid mass,
and reduce the solid density. The molar ratio of solid/fluid
reactants is 0.5 for Reaction (R2), and 0.67 for Reactions (R1),
(R3) and (R4). These reactions increase the solid volume by 40–50%
relative to the initial solid volume.
2. Fluid transport during retrograde metamorphism

It is often stated that negative feedbacks cause retrograde
metamorphism to be self-limiting. Indeed, the common presence
of rock outcrops recording high temperature and pressure phase
equilibria attests to the selective operation of retrograde pro-
cesses. Several negative feedbacks may be responsible for this.
(1) In igneous and high-grade metamorphic rocks, fluid porosity
and permeability may be negligibly small, so retrograde processes
are fluid supply-limited. (2) Fluids enhance diffusion and so act as
catalysts for recystallization. Prograde reactions produce fluids, in
a positive feedback, while retrograde reactions may consume
available fluid before recrystallization is complete. (3) Under
some circumstances retrograde reactions may increase the solid
volume, because they add mass to the solid rock, and because the
hydrated and carbonated solid products have lower densities than
the solid reactants.

Fluid–rock reactions that increase the solid volume may fill
porosity, reduce permeability, and armor solid reactants with
reaction rims (Aharonov et al., 1998). Decreasing permeability
with reaction progress has been observed for hydration and
carbonation of basalt (Becker and Davis, 2003). As a result of
such observations, it is commonly assumed that peridotite hydra-
tion reduces permeability and limits alteration (Emmanuel and
Berkowitz, 2006; Xu et al., 2004). Chizmeshya et al. (2007)
observed a ‘‘passivating,’’ SiO2-rich reaction rim on olivine sur-
faces, formed during dissolution coupled with crystallization of
magnesiteþquartz. Perhaps for a similar reason, Martin and
Fyfe (1970) observed experimental serpentinization rates dec-
reasing with time, and O’Connor et al. (2004) observed a �3�
decrease in the rate between 26% and 93% olivine carbonation
(Supplementary Fig. S4 in Kelemen et al., 2011).

Despite these potentially self-limiting, negative feedbacks,
retrograde metamorphism of olivine commonly proceeds to
completion. 100% hydrated peridotites, known as serpentinites,
are well known. Less familiar, but of increasing scientific interest,
are ‘‘listvenites’’, 100% carbonated peridotites composed of mag-
nesiteþquartz. Two end-member explanations for complete
hydration and/or carbonation have been offered.
(1)
 As discussed in more detail in Sections 3 and 4.3, many
metamorphic petrologists consider that retrograde replace-
ment reactions occur at constant volume, in which expansion
due to decreasing solid density is balanced by dissolution and
export of chemical components in a fluid. In principle, such a
constant volume process could preserve porosity, permeabil-
ity and even reactive surface area. However, with notable
exceptions, most studies of serpentinites, and our work on
listvenites in Oman, suggest that in many cases alteration was
nearly isochemical except for addition of H2O and/or CO2 (e.g.,
Coleman and Keith, 1971).
(2)
 MacDonald and Fyfe (1985) proposed that increasing stress
due to volume expansion in an elastically confined volume
causes fractures, which in turn increase or maintain perme-
ability and reactive surface area, in a positive feedback
mechanism that allows retrograde reactions like serpentini-
zation to proceed to completion. This idea has been further
investigated and quantified for serpentinization (Evans, 2004;
Iyer, et al., 2008; Jamtveit et al., 2008; O’Hanley, 1992), olivine
carbonation (Kelemen et al., 2011; Kelemen and Matter, 2008;
Rudge et al., 2010), and weathering (Fletcher et al., 2006;
Jamtveit et al., 2011; Royne et al., 2009). Similarly, Jamtveit
et al. (2000) and Malthe-Sorenssen et al. (2006) explored
the idea that solid volume decrease could lead to fracture
formation.
Microstructural observations lend support to the hypothesis
of MacDonald and Fyfe (1985). The ubiquitous presence of dense
fracture networks that host serpentine veins in partially serpen-
tinized peridotite, with �10- to 100-micron spacing, lends
credence to the idea that serpentinization and cracking are
coeval. Without the presence of serpentine ‘‘glue’’ along these
fracture networks, the host would be a powder rather than a
rock. Furthermore, it is common to observe several generations
of cross-cutting serpentine veins, which indicate repeated cycles
of hierarchical fracturing followed by hydration (Iyer et al.,
2008). Similarly, listvenites have brecciated textures in their
outcrops and dense, hierarchical fracture networks extending to
microscopic scales, filled by synkinematic carbonate and quartz
veins. Cross-cutting relationships in partially carbonated peri-
dotites indicate coeval carbonate crystallization and fracture
(Fig. 8 in Kelemen et al., 2011). Also, geochronological data
(14C, U-series) show that permeability is maintained over tens
of thousands of years in water-peridotite systems undergoing
carbonation and serpentinization, both in Oman (Kelemen et al.,
2011; Kelemen and Matter, 2008) and in the Lost City hydro-
thermal vent field along the Mid-Atlantic Ridge (Früh-Green
et al., 2003; Ludwig, et al., 2011).
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3. Crystallization pressure

In open systems undergoing metamorphism, the fluid porosity
is restricted to cracks and/or small grain boundary pores. Despite
the small instantaneous fluid–rock ratio, fluid flow through the
porous network can lead to high, time-integrated fluid–rock ratios.
Under these circumstances, the changes of the fluid volume within
a given rock – due to fluid consumption or evolution by fluid-solid
reactions – are small. By contrast, solid volume increase, via
addition of fluid components to solid minerals and reduction of
the density of solid products compared to reactants, potentially
leads to permanent and significant changes in rock volume.

In calling upon reaction-driven cracking in response to solid
volume expansion, the papers enumerated in the previous section
invoked a long tradition of research on the ‘‘force of crystal-
lization’’. Early and insightful work on this was reviewed by
Lindgren (1912), who wrote that ‘‘the prevailing view in the
earlier days of the science of ore deposits was that the growing
crystal had by means of its ‘force of crystallization’ pushed apart
the surrounding mass’’. Becker and Day (1905) demonstrated that
confined crystals of ‘‘alum’’ (KAl(SO4)2 �12H2O), growing from a
supersaturated aqueous solution, could lift considerable weights,
and wrote ‘‘that the linear force thus exerted is of the order of
magnitude of the breaking strength of the crystal and therefore a
geologic force of considerable magnitude and importance’’. Simi-
larly, Taber (1929) showed that growing ice crystals could lift
substantial loads.

Many papers have followed, with those most relevant to our
study focusing on replacement processes in earth science. Although
some geologists emphasized evidence for viscous deformation of the
host rock during crystallization of a new phase (e.g., Misch, 1971;
Yardley, 1974), consensus gradually arose among metamorphic
petrologists that most rocks should be considered very nearly rigid,
and therefore that the pressure during crystallization of a new
phase, elastically deforming the host rock, would gradually increase
until pressure dependent solubility rose sufficiently to drive dis-
solution of the host phase at the same volumetric rate as crystal-
lization of the product phase (e.g., Carmichael, 1986). Exceptions, in
which the host rock could undergo irreversible deformation via
viscous flow or fracture, were mentioned but given little quantita-
tive attention until the study of Fletcher and Merino (2001).

Strangely, outside the field of metamorphic petrology, a
parallel literature has developed on irreversible deformation via
dilatant cracking, driven by volume expansion due to formation of
a new phase from fluid in pore space, with increasing solid mass
and/or decreasing density, and without appreciable dissolution
of the host rock. This literature focused on ‘‘salt weathering’’
(e.g., reviews and recent experiments by Scherer (2004) and
Steiger, 2005). Related papers focus on fracture due to the density
decrease during maturation of hydrocarbons (e.g., Berg and Gangi,
1999). Fletcher et al. (2006), Royne et al. (2009) and Jamtveit et al.
(2011) provide recent applications of this concept to spheroidal
weathering.

Cracking due to salt crystallization in pore space is most likely
during rapid precipitation because increasing stress in the host
rock competes with slow relaxation mechanisms such as disloca-
tion creep within growing crystals. For example, in experiments
on crystallization of Na-sulfate salts in porous limestone, rapid
crystallization caused fractures, whereas slow crystallization did
not (Espinosa Marzal and Scherer, 2008). The stress required to
fracture the unconfined limestone blocks at atmospheric pressure
is �1 MPa. Salts have low viscosity (Spiers et al., 1990), and
1-MPa stresses relax in microseconds to minutes for 1–100-mm
salt crystals. Thus, increasing stress due to salt crystallization in
pore space had to take place in seconds to minutes to produce
fracture rather than viscous flow of salt.
Cracking may also be favored when fluid flow takes place
periodically followed by rapid evaporation, as may be common in
arid areas subject to occasionally heavy rainfall. As noted by
Scherer (2004), rapid evaporation of isolated fluid pockets in pore
space drives increasing solute concentrations and potentially
extreme supersaturation. This, in turn, could produce very high
pressures of crystallization, as in most experiments demonstrat-
ing the process of salt weathering (e.g., Noiriel et al., 2010).

Quantitative analyses of experiments (Correns, 1949; Correns
and Steinborn, 1939) demonstrated that crystal growth from a
fluid in pore space, driven by surface energy and diffusion of
components in a nanofilm along the contact between a growing
crystal and its host, leads to local stresses in excess of the
confining pressure, proportional to the extent of supersaturation
of the growing mineral. In the simplest formulation, the ‘‘crystal-
lization pressure’’ is given by

P0 ¼
RT

Vm
ln

c

c0

� �
ðE1Þ

where R is the gas constant, T is the temperature in Kelvin, Vm is
the molar volume of the growing crystalline phase, c is the
concentration of a solute, c0 is the equilibrium concentration at
which fluid is saturated in the growing crystalline phase, and P’ is
a localized excess pressure or ‘‘overpressure’’, in excess of the
confining pressure. Elsewhere in this paper, following previous
work on this topic, we have also referred to P’ as ‘‘crystallization
pressure’’. Increasing P’ around a growing crystal creates a
pressure gradient, and thus a differential stress that can lead to
fracture. As an example, Steiger (2005) calculates crystallization
pressures of tens to more than one hundred MPa for crystal-
lization of supersaturated NaCl in pore space.

Steiger (2005) notes that the formulation using c/c0 is correct
only for ideal solutions in which a growing crystal forms via
precipitation of a single fluid component. Given that the ‘‘reaction
quotient’’, Q, is the product of activities of products divided by the
product of activities of reactants, whereas the ‘‘equilibrium
constant’’, K, is the reaction quotient for a system in equilibrium,
c/c0 should be replaced with the reaction quotient for a crystal-
lization reaction divided by the equilibrium constant for that
reaction, Qprecip/Kprecip. For a reaction such as dissolution of
magnesite in water, MgCO3ðsÞ ¼Mgþ þðaqÞ þCO2�

3ðaqÞ, the saturation
state O is the ratio Qdiss/Kdiss, which in turn is equal to Kprecip/
Qprecip for Mgþ þðaqÞ þCO2�

3ðaqÞ ¼MgCO3ðsÞ, so an improved equation for
overpressure resulting from a crystallization reaction is

P0 ¼ �
RT

Vm
ln

Qprecip

Kprecip

� �
¼

RT

Vm
lnðOÞ ðE2Þ

For pure magnesite, aMgCO3
¼ 1, and

O¼ Qdiss=Kdiss ¼
aMgþ þ aCO3

2�

aMgCO3

=Kdiss,MgCO3
¼

aMgþ þ aCO3
2�

Kdiss,MgCO3

ðE3Þ

Recent studies of (notoriously sluggish) magnesite crystal-
lization kinetics (Hänchen et al., 2008; Saldi et al., 2009) found
that O can exceed 100 at temperatures up to 120 1C. Under these
conditions, Eq. (E2) yields crystallization pressures greater than
500 MPa. Such overpressures, and resulting differential stresses,
are more than sufficient to fracture crustal rocks.

In geologic applications, we commonly do not know the
composition of the fluid that was involved in a mineral precipita-
tion reaction at some time in the past. However, we can estimate
the maximum crystallization pressures that could arise during
precipitation of a mineral from an oversaturated fluid, or due to
spontaneous, retrograde olivine hydration and carbonation reac-
tions, using the Gibbs Free Energy of the reactions. Using the
standard-state Gibbs Free Energy for a reaction,DG0

r ¼�RT lnðKÞ,
the Gibbs Free Energy change for a precipitation reaction at
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constant temperature and confining pressure can be expressed as

DGr ¼�RT lnðKprecipÞþRT lnðQprecipÞ ¼ RT ln
Qprecip

Kprecip

� �
¼�RT lnðOÞ

ðE4Þ

and thus

P0 ¼ �
DGr

DVs
ðE5Þ

where DVs is the difference in volume between the solid products
and the solid reactants (Kelemen et al., 2011) and O¼Kprecip/Qprecip

for retrograde reactions such as Reactions (R1)–(R4) proceeding
from left to right as given in Section 1, above. Eq. (E5) is valid for
reactions involving solid reactants, such olivine serpentinization
and carbonation, as well as for reactions that only involve
precipitation of solid products. When a process only involves
crystallization of a new phase from solute in the fluid, DVs¼Vm as
in Eqs. (E1) and (E2). More generally, DVs includes the volume
decrease due to solid reactant (olivine) dissolution as well as the
volume increase due to precipitation of solid products (serpen-
tine, brucite, magnesite and quartz in Reactions (R1)–(R4)).

Following, e.g., Correns, Steiger, and Fletcher and Merino, we
assume that changes in the volume of the fluid phase are
negligible in rocks with low porosity (low instantaneous fluid/
rock ratio) that are constantly supplied with fluid flowing through
the pores (high time-integrated fluid rock ratio). Since the Gibbs
Free Energy of reaction is the available chemical potential energy
at constant temperature and pressure, this expression provides an
estimate of the crystallization pressure that can be generated
under these conditions.

Upon consideration of Eqs. (E1)–(E5), several points become
evident. Workers since Correns have implicitly assumed that
almost all of the chemical potential energy inherent in over-
saturated fluids, when released by crystallization of the saturated
phase, will be converted into overpressure or differential stress.
However, thermal diffusion of energy released by exothermic
crystallization reactions, maintaining constant temperature for
example, could reduce the energy available for mechanical work.
Also, entropy changes resulting from reaction may consume or
contribute to the energy available to generate overpressure and
cause deformation. Generally, for crystallization from fluid, and
for retrograde hydration and carbonation of olivine, the entropy
change is negative, reducing the energy available to generate
crystallization pressure. Thus, Eq. (E5) yields an upper bound on
the energy available to produce overpressure at constant tem-
perature and pressure.

Under some circumstances, the available chemical potential
energy might be better characterized using the Helmholtz Free
Energy, valid for conditions of constant temperature and volume.
The Helmholtz Free Energy of reaction is related to the Gibbs Free
Energy via

DFr ¼DGr�PDVr ðE5aÞ

where P is the confining pressure and DVr is the molar volume of
the reaction products minus reactants, including fluid volumes.
Thus for the case of negligible instantaneous fluid volume change
(small and/or constant porosity), the maximum overpressure that
can be produced by the available chemical potential energy might
be expressed as

P0 ¼ �
DFr

DVs
¼�

DGr

DVs
þ

PDVr

DVs
: ðE5bÞ

For precipitation of new minerals from pore fluid, and for
the hydration and carbonation of olivine considered in the
next section, DVr is negative while DVs is positive. For such
reactions, under conditions of constant temperature and volume,
the chemical potential energy available to produce overpressure
may decrease with increasing confining pressure.
4. Stresses arising from retrograde replacement of olivine

Igneous rocks called troctolites are composed mainly of the
minerals olivine and plagioclase. In typical troctolites, rounded
olivine crystals are surrounded by interstitial plagioclase. Hatch
et al. (1949), Evans (2004), Jamtveit et al. (2008) and Beard et al.
(2009) emphasize textural evidence for reaction-driven cracking
in troctolite samples, in which partial serpentinization of olivine
has shattered surrounding plagioclase crystals. In this paper, we
use their observations to estimate the stress due to volume
expansion of serpentinization within an elastic medium, and to
place bounds on the stress responsible for plagioclase fracture.

We take three approaches to estimating the stresses arising
from retrograde replacement of olivine, focusing on end-member
Reactions (R1) and (R2). First, we estimate the available chemical
potential energy in terms of crystallization pressure, P’, using
Eq. (E5). Local gradients in P’ give rise to differential stresses with
similar magnitude. Our second and third methods rely on micro-
structural observations. In the second method, we use the
observation that olivine serpentinization drives cracking in sur-
rounding plagioclase crystals, together with an estimate of the
surface energy created by this fracture process. In the third
method, we estimate the stress that would be generated by
elastic deformation of surrounding plagioclase crystals by olivine
hydration, if cracking did not occur and there was no dissolution
of plagioclase.
4.1. Crystallization pressure from chemical potential

When fluid comes into contact with olivine, there is a chemical
potential driving the reactions to form serpentine and/or magne-
site, together with brucite, quartz and other minerals. At constant
temperature and pressure, this chemical potential can be approxi-
mated by the Gibbs Free Energy change due to Reactions (R1) and
(R2). The Gibbs Free Energies for these reactions are illustrated
in Fig. 1. Readers should note that the thermodynamic properties
for the minerals and fluids involved are poorly known (e.g., Evans,
2004). Estimates of the uncertainties can be found in the caption
of Fig. 1.

Eq. (E5) yields upper bounds for crystallization pressures illu-
strated in Fig. 2. Where these crystallization pressures develop
locally around growing crystals, they will lead to gradients in
pressure, and thus to differential stress. Although they are approx-
imate – for chemically simple systems at constant temperature,
involving phases whose thermodynamic properties are not well
known – these illustrative calculations show that there is more than
enough energy to fracture rocks when olivine undergoes serpenti-
nization and/or carbonation. Uncertainties are shown graphically in
Fig. 2.
4.2. Stress estimated from fracture energy density

Microcracks form from conversion of strain energy, ue, to
surface energy, g (Lawn and Wilshaw, 1975). The strain energy
density is ue ¼ 1

2see, where s is differential stress and ee is elastic
strain. Because the elastic strain is a function of stress and
Young’s modulus, E, ee¼s/E so that the strain energy density is

ue ¼
s2

2E
ðE6Þ
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serpentinization (Reaction (R1) in text, panel A in figure) and carbonation

(Reaction R2 in text, panel B in figure), as a function of temperature and confining

pressure. The red shaded area in panel A illustrates the region that simultaneously

satisfies the upper bound constraints shown here and the lower bound constraints

on stress due to olivine serpentinization from Eq. (E12), at a temperature greater

than 20 1C. Crystallization pressures exceeding �100–500 MPa, as indicated by

the structural data discussed in Section 4.2, arise from olivine serpentinization at a

confining pressure greater than a few 10’s of MPa when the temperature is less

than �325–175 1C.

To calculate the upper bound crystallization pressures illustrated as isopleths in

this figure, we used Eq. (E5), with DGr calculated from the internally consistent

data set of Gottschalk (1997), as in Fig. 1, with DVs of 4.4�10–5 m3/mol for (A) and

3.5�10–5 m3/mol for (B). Uncertainties in Gibbs Free Energies calculated from the

Gottschalk (1997) and Duan et al. (1992) thermodynamic data, estimated as

described in the caption of Fig. 1, were recalculated as crystallization pressures,

and are shown as gray bars at 200 1C and 100 MPa. As described in the caption of

Fig. 1, the thermodynamic data of Holland and Powell (1990) and Berman (1988)

yield significantly higher values for the crystallization pressure of olivine carbona-

tion at these conditions, as indicated with a black line extending above the gray

bar in panel B.
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The surface energy density ug created by new cracks in
plagioclase is

ug ¼ 2gSAc

Vp
or in two dimensions,ug ¼ 2gSLc

Ap
ðE7Þ

where Lc is the crack length (the spacing of olivine crystals in the
plagioclase matrix), Ac is the surface area of cracks, and Vp and Ap

are the volume and area of plagioclase hosting the cracks, so
that SAc/Vp and SLc/Ap are crack densities in three and two
dimensions.
In the partially serpentinized troctolites, the strain energy
density must have been greater than the surface energy of the
new cracks

ue4ug ðE8Þ

so by substitution into Eq. (E6), s2
¼ 2ueE4 2ugE, and

s4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4EgSLc

Ap

s
: ðE9Þ
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Young’s modulus and surface energy are known, and we can
measure crack densities from the microstructure of serpentinized
olivine–plagioclase rocks as follows.

Fig. 3 provides illustrations of cracked, rectangular plagioclase
grains between two olivine grains with serpentine veins replacing
the olivine at regular intervals. The spacing between the serpen-
tine veins in olivine, W, is about 500 mm in the images published
by Hatch et al. (1949), Evans (2004), Jamtveit et al. (2008) and
Beard et al. (2009). The serpentine veins are about 20 mm wide.
The crack spacing in plagioclase between the olivine grains
averages about 6 mm (Fig. 2A in Jamtveit et al. (2008)). There
are also cracks along the olivine–plagioclase grain boundaries.
The width of the plagioclase grains between the olivine grains is
about 3 mm.

A characteristic area in the plagioclase with width W is
Ap¼WLc. The sum of the lengths of cracks in this area is

SLc ¼WLc=wþ2W �WLc=w ðE10Þ

so that

SLc=Ap ¼SAc=Vp ¼ 1=w: ðE11Þ

For E in plagioclase of �1011 kg/ms2, g of �1 J/m2, and 1/w
�2�105 m�1, this yields

s4
ffiffiffiffiffiffiffiffi
4Eg
w

r
¼ 260 MPaðþ260,�130 MPaÞ: ðE12Þ

Again, as for the thermodynamic calculations in Section 4.1,
readers should keep in mind that this is an illustrative calculation
of the lower bound for strain energy density in some troctolite
samples. In this calculation we have used approximate, average
Fig. 3. (A) Sketch of fractured plagioclase grains between partially serpentinized

olivine crystals (stippled) with iron-oxides (black) from Hatch et al. (1949), as

reproduced by Evans (2004). Field of view approximately 6 mm. (B) Schematic

interpretation of the textures documented by Hatch et al. (1949), Evans (2004),

Jamtveit et al. (2008) and Beard et al. (2009).
values for naturally variable crack spacing and length, together
with approximate values for surface energy of cracks and Young’s
modulus in plagioclase. For example, experimentally-derived
surface energies of quartz, plagioclase and potassium feldspars
are similar, with plus or minus a factor of four variation from 0.25
to 4 J/m2 (Atkinson and Avdis, 1980; Brace and Walsh, 1962;
Tapponnier and Brace, 1976; Wong, 1982). This corresponds to
the uncertainty of plus or minus a factor of two in the results from
Eq. (E12), above.

Combining the calculations in Sections 4.1 and 4.2, and their
uncertainties, we can infer from Fig. 2 that the stress due to
volume expansion during olivine serpentinization at depths of a
few kilometers or more would have been generated at a tem-
perature less than about 275 (þ50,�100) 1C. This constraint is
reasonable for alteration of troctolites, suggesting that our calcu-
lations are approximately correct. Note that we have assumed
that all the cracks between a given pair of olivine crystals formed
during the same event, and not one crack at a time. This seems
likely. If, instead, crack formation were sequential, dilation along
a single crack could have accommodated most of the subsequent
volume expansion and few additional cracks would have formed.
4.3. Stress arising from elastic strain in plagioclase

If there were no cracks across the plagioclase crystals, and if
volume expansion in olivine on both sides of the plagioclase grain
in Fig. 3 were the same, combined elastic deformation within the
plagioclase, slip on the plagioclase–olivine grain boundaries, and
viscous deformation, would be equivalent to the volume expan-
sion during serpentinization. If H2O is added to olivine, and no
chemical components are removed from solution, the change in
solid volume during complete serpentinization via Reaction (R1)
is 40–50% (depending on the amount of iron in the olivine, and
the proportion of iron in oxide minerals produced during serpen-
tinization). The elastic strain in the plagioclase grain is

eerDVss=W ðE13Þ

where s is the width of serpentinized fractures in olivine, and the
resulting stress is

s¼ EeerEDVss=W � 2000 MPa: ðE14Þ

This is clearly much larger than the fracture strength of crustal
rocks, and much greater than the stress calculated from the
observed crack spacing in plagioclase (Eq. (E12)). There are three
ways to account for this large difference:
(a)
 Once plagioclase is cracked, with fluid in the cracks lowering
the effective pressure, its elastic moduli may be reduced
substantially (Fig. 2 in Walsh (1965)). If Young’s modulus
were reduced by a factor of �8, as is possible, Eq. (E14) would
yield a stress r250 MPa, consistent with the result from
Eq. (E12).
(b)
 Volume change due to serpentinization could have been
largely accommodated by irreversible dilation of the micro-
cracks. In a given width W, the total displacement DVss¼

10 mm. Assuming that the stress due to serpentinization was
in the range of 130–520 MPa (from Eq. (E12)), 94–54% of the
displacement must have been accommodated by irreversible
deformation. Given that the number of cracks in plagioclase in
the width W is w/W�100, this would entail �100–50 nm of
dilation on each crack, in keeping with observed crack widths
in crystalline rocks (Hadley, 1976; Sprunt and Brace, 1974).
Backscattered electron images of the cracks in plagioclase
(Jamtveit et al., 2008) show much wider apertures, filled
with alteration minerals such as zeolites, but these probably
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widened during decompression following serpentinization,
during subsequent uplift and erosion.
(c)
 Some of the expansion due to serpentinization could have
been accommodated by dissolution of olivine or plagioclase,
with export of excess material out of the rock volume as
proposed, for example, by Fletcher and Merino (2001). How-
ever, their analysis lacks several aspects of the problem
considered here. Most importantly, they do not consider
disequilibrium between fluid and the host phase that drives
reactions to form a newly crystallizing phase.
Dewers and Ortoleva (1990) and Fletcher and Merino (2001)
derive expressions very similar to (E1)–(E5), but consider them to
yield an upper bound on crystallization pressure, applicable
under conditions of constant solid volume when the volumetric
rate of crystallization of the product solid phase in a free fluid is
much larger than the rate of dissolution of the host phase in a free
fluid. They show that under some conditions this is a transient
condition followed by a steady state in which precipitation and
dissolution rates are identical.

Following the analysis of Fletcher and Merino (2001), Section
4, using O¼2 as they do, and kinetic data compiled by Palandri
and Kharaka (2004), we would infer crystallization pressures of
20–80 MPa for the steady state in which volumetric plagioclase
and/or olivine dissolution rates would be equal to the serpentine
precipitation rate. However, from the Gibbs Free Energy of the
reactions, and Eq. (E4), we find O�107 for olivine serpentiniza-
tion and carbonation, because olivine is so far from equilibrium
with aqueous fluids under near-surface conditions. The steady
state crystallization pressure of Fletcher and Merino, when dis-
solution of the host phase occurs at the same rate as precipitation
of the new phase, is proportional to ln(O), and thus would be
twenty times larger for O�107 rather than O¼2, yielding steady
state crystallization pressures in the range of 400–1600 MPa.
These pressures are greater than the fracture strength of plagio-
clase in the crust. As a result, we infer that plagioclase hosting
serpentinizing olivine cracks and deforms along the newly formed
fractures, and thus does not reach the steady state crystallization
pressure for constant volume replacement invoked by Fletcher
and Merino (2001).
5. Feedback processes during retrograde metamorphism

From the perspective of rock mechanics, there are at least
three possible mechanisms to accommodate decreasing solid
phase density, and possibly increasing solid mass, during retro-
grade replacement reactions.
(a)
 Pressure solution in response to small stress gradients,
combined with

(a1) filling of pore space with newly precipitated solid
phases and/or
(a2) export of components to some other site, can remove
most or all of the excess solid volume.
(b)
 Increasing differential stress – driven by elastic strain in
response to local volume changes – can cause viscous defor-
mation of the solid phases (e.g., by dislocation creep). This can
occur via

(b1) solid-state flow of the newly formed phases, which
may displace fluid to take on the shape of pore space, or
via
(b2) deformation of the pre-existing host phases, either
into pore space or by an irreversible increase in the rock
volume.
Near the surface, b2 could take the form of an increase
in elevation.
(c)
 Dilatant fracture and expansion – for example, an increase in
surface elevation – of the rock volume in response to
increasing differential stress, as in salt-weathering.
In the previous sections of this paper, we focus on (c). However,
it would be valuable to have a ‘‘phase diagram’’ characterizing the
physical conditions required for each mechanism, and delineating
the fields within which a particular mechanism is likely to prevail.
It is beyond the scope of this paper to complete such a process, but
in this section we attempt a beginning.

In general, interconnected fractures containing aqueous fluid
at hydrostatic pressure dominate the rheology of the upper 10 km
in stable plates (Zoback and Townend, 2001). These portions of
the crust deform irreversibly by sliding on fractures. As we have
seen, stress arising from serpentinization of olivine in several
examples was of the order of 300 MPa, which is the frictional
yield stress for the crust in compression at approximately 9 km
depth. It is evident that volume expansion due to serpentinization
continued to this stress, and the conditions for constant volume
replacement (Fletcher and Merino, 2001) were not attained.

Given that serpentinization and carbonation of olivine at low
temperature is sufficient to generate crystallization pressures
exceeding 1 GPa, greater than the frictional failure stress at any
depth where serpentine and/or Mg-carbonates are stable on a
normal geotherm (away from subduction zones), we believe that
the criteria for constant volume replacement may never be
attained for retrograde metamorphism of olivine, which – instead
– will always drive irreversible deformation of the host rock.
However, stresses sufficient for fracture may not always arise.
If viscous relaxation is more rapid than the stress increase due to
reaction-driven increase in the solid volume, the system may
expand irreversibly without fracture.

Olivine hydration and carbonation become faster with increas-
ing temperature due to increasing rates of diffusion within
crystals and fluid, and increasing mass transfer across the mineral
surface. Conversely, at a given fluid pressure, the chemical
potential driving reaction decreases with increasing temperature
(Fig. 1). The combination of these two effects leads to a maximum
reaction rate at �260 1C for serpentinization, and �185 1C for
carbonation (Martin and Fyfe, 1970; O’Connor et al., 2004). Given
the high viscosity of host peridotite at these temperatures,
reaction driven cracking is likely as long as fluid supply is rapid.
However, at conditions where reaction is slow (lower tempera-
ture, higher temperature, limited fluid supply), viscous deforma-
tion of serpentine or carbonate reaction products might relax the
stress generated by volume expansion.

The three mechanisms outlined here have different outcomes
in terms of porosity, permeability, and reactive surface area, and
therefore important feedbacks to the rate of retrograde meta-
morphic processes. Mechanisms (a) and (b) potentially lead to
filling of pore space and armoring of reactive surfaces, and thus
could involve negative feedbacks to reaction progress. In contrast,
mechanism (c) could yield nearly constant or even increasing
porosity, permeability and reactive surface area, positive feedback
processes that may lead to 100% replacement of the host rock by
retrograde metamorphic minerals.
6. Conclusions and implications

Natural examples of closely spaced fractures in host plagio-
clase, caused by volume expansion during serpentinization of
olivine inclusions, indicate that stress arising from olivine ser-
pentinization reached �300 MPa and was then limited by the
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process of fracture formation, dilation and/or frictional sliding on
these fractures, and – presumably – associated volume expansion
in the host rock.
(1)
 The values of differential stress inferred from microstruc-
tures are in approximate agreement with thermodynamic
estimates, and suggest that the methods used here could
yield bounds on crystallization pressure for other retrograde
reactions. In the absence of irreversible deformation of the
host rock, by viscous flow or dilatant fracture, the stress
arising from replacement of olivine by magnesiteþquartz is
likely to be substantially larger, at a given temperature, than
the stress due to olivine serpentinization.
(2)
 Host rock viscosities are likely to be very high where
serpentinization and carbonation rates are fastest, so that
reaction-driven fracture, frictional sliding along these frac-
tures, and subsequent increase in the rock volume are likely
to result from retrograde metamorphism of olivine, limiting
the stress generated by retrograde metamorphic reactions.
In addition, increasing rock volume may often be accom-
modated by an increase in surface elevation, and/or by
increased rates of surface erosion.
(3)
 Where initial permeability is sufficient to assure continuous
supply of aqueous fluids, positive feedback between reac-
tion-driven cracking, fluid supply, and reactive surface area
is most likely to give rise to nearly 100% serpentinization or
carbonation at the optimal temperatures for these reactions,
�260 and 185 1C, respectively. Ideally, engineered systems
for in situ storage of CO2, or for geological capture and
storage of CO2, should maintain a subsurface rock volume
near 185 1C.
(4)
 Plate tectonic processes may be significantly influenced by
stresses arising from retrograde metamorphism of olivine.
Aside from effects on viscosity due to replacement of olivine
by serpentine, talc, carbonate minerals and/or quartz, the
differential stress due to retrograde replacement reactions
could lead to tectonically significant deformation of host rocks.
Regions composed of serpentinizing peridotite that have high
initial porosity – for example in oceanic fracture zones and
along normal faults at the outer rise near subduction zones –
are likely to experience locally generated differential stresses
equivalent to the fracture toughness and/or to the stress
required for frictional sliding along fractures in altered peri-
dotite. For example, these stresses could reach�1 GPa at
depths greater than �20 km, perhaps contributing to bending
and unbending of the shallow mantle section in subducting
plates.
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