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Storing carbon dioxide in the subsurface as carbonate minerals has the benefit of long-term stability 
and immobility. Ultramafic rock formations have been suggested as a potential reservoir for this type 
of storage due to the availability of cations to react with dissolved carbon dioxide and the fast reaction 
rates associated with minerals common in ultramafic formations; however, the rapid reactions have the 
potential to couple with the mechanical and hydraulic behavior of the rocks and little is known about the 
extent and mechanisms of this coupling. In this study, we argue that the dissolution of primary minerals 
and the precipitation of secondary minerals along pre-existing fractures in samples lead to reductions 
in both the apparent Young’s modulus and shear strength of aggregates, accompanied by reduction in 
permeability. Hydrostatic and triaxial deformation experiments were run on dunite samples saturated 
with de-ionized water and carbon dioxide-rich solutions while stress, strain, permeability and pore fluid 
chemistry were monitored. Sample microstructures were examined after reaction and deformation using 
scanning electron microscopy (SEM). The results show that channelized dissolution and carbonate mineral 
precipitation in the samples saturated with carbon dioxide-rich solutions modify the structure of grain 
boundaries, leading to the observed reductions in stiffness, strength and permeability. A geochemical 
model was run to help interpret fluid chemical data, and we find that the apparent reaction rates in our 
experiments are faster than rates calculated from powder reactors, suggesting mechanically enhanced 
reaction rates. In conclusion, we find that chemo-mechanical coupling during carbon mineralization 
in dunites leads to substantial modification of mechanical and hydraulic behavior that needs to be 
accounted for in future modeling efforts of in situ carbon mineralization projects.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

As levels of atmospheric carbon dioxide continue to rise, sci-
entists and engineers search for strategies to mitigate climatic 
impacts. Carbon capture, storage and utilization (CCSU) has been 
suggested as a key technology for controlling the near-term carbon 
budget (IPCC, 2014). Due to its long-term stability, carbon mineral-
ization, or the trapping of carbon dioxide in carbonate minerals, 
has garnered significant attention (Seifritz, 1990; Lackner et al., 
1995). Initial successes at the Carbfix project in Iceland indicate 
that CO2 can be rapidly mineralized in a reactive mafic reservoir 
(Matter et al., 2016), but many questions about the long-term be-
havior of such projects remain.
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Increased awareness of climate change and proposed geoengi-
neering solutions have motivated a number of studies of the car-
bon dioxide – water – olivine system in the past decades, mostly 
focused on chemical and mineralogical evolution. Olivine is a com-
monly occurring mineral, found in many basalts and in great 
abundance in ultramafic rocks. The dissolution of olivine has one 
of the fastest rates among Mg-bearing minerals and the magne-
sium carbonate minerals produced are thermodynamically stable 
and relatively insoluble in groundwater (Guyot et al., 2011). The 
olivine carbonation reaction is exothermic, so along with engi-
neered injection tactics, an in-situ reservoir could be maintained 
at optimal reaction temperature without additional input of en-
ergy (Kelemen and Matter, 2008). Alternatively, engineered sys-
tems emulating natural processes could capture CO2 from ther-
mally convecting seawater passing through olivine-rich rocks, and 
return of carbon depleted water to the surface could draw down 
atmospheric CO2 providing a relatively inexpensive method of 
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“air capture” (Kelemen and Matter, 2008; Kelemen et al., 2011). 
The conversion of olivine to magnesite and quartz has a posi-
tive change in volume, which has been invoked as both a poten-
tial porosity reducing (Xu et al., 2013; Hövelmann et al., 2012) 
and porosity generating mechanism (Kelemen and Matter, 2008;
Kelemen and Hirth, 2012).

There have been a number of studies of powdered olivine in 
batch reactors seeking to constrain carbonation rates (Chen et al., 
2006; King et al., 2010; Daval et al., 2011; Olsson et al., 2012; 
Gadikota et al., 2014; Johnson et al., 2014), but experiments in 
aggregates suggest that reaction rates are controlled by grain-
scale structure rather than kinetics (van Noort et al., 2013). Flow-
through experiments tend to yield dissolution-dominated behav-
ior, with increases in pore space and permeability near injection 
sites and secondary mineral precipitation at sites of low hydraulic 
throughput (Andreani et al., 2009; Peuble et al., 2015a). In other 
experiments, precipitation dominates, yielding reductions in poros-
ity and permeability (Hövelmann et al., 2012; Godard et al., 2013). 
Recently, experiments have shown that extensional cracks can be 
formed under confinement by non-uniform volumetric expansion 
due to precipitation in porous materials (Zhu et al., 2016). It re-
mains unclear under precisely what conditions dissolution and 
precipitation organize to maintain permeability and facilitate com-
plete carbonation of olivine, but the behavior appears to be related 
to both thermodynamic factors such as pressure, temperature and 
reactant fugacities and petrophysical factors such as pore size dis-
tribution and microhydrodynamics.

One of the least well-understood aspects of geological car-
bon sequestration is the mechanical response of reservoir rocks 
to injection of carbon dioxide. The olivine dissolution process is 
sensitive to flow rate, pore geometry and crystallographic orien-
tation (Peuble et al., 2015b), suggesting that deformation may 
couple with this process. Most of the research on geomechani-
cal effects of carbon dioxide injection has focused on injection 
into saline aquifers (e.g. Hawkes et al., 2005; Lucier and Zoback, 
2008; Rutqvist, 2012), and neglects chemo-mechanical feedbacks 
that may be relevant in more reactive reservoirs such as mafic-
or ultramafic-hosted reservoirs. Tests monitoring the evolution of 
pore geometry and of fractures in carbonate rocks saturated with 
carbon dioxide rich solutions flowing through them indicate sub-
stantial changes that have hydraulic and mechanical consequences 
(Elkhoury et al., 2013). The chemical alteration of wellbore ce-
ment by carbon dioxide has been investigated with the moti-
vation of better understanding borehole stability (Kutchko et al., 
2007; Mason et al., 2013; Huerta et al., 2012) and seal integrity 
(Wolterbeek et al., 2016), but there is a dearth of data regard-
ing the chemo-mechanical response of ultramafic reservoir rocks 
themselves to carbon dioxide injection.

How does the carbonation reaction affect the shear strength 
and deformation behaviors of the host rock? If there are signifi-
cant effects, what are the key micromechanisms responsible? Does 
stress-induced cracking and dilatancy alter the permeability and 
thus affect carbonation rates? To answer these questions, we con-
ducted a series of hydrostatic and triaxial deformation experiments 
on dunite samples undergoing carbonation reactions. These exper-
iments were conducted at two temperatures and 3 different pore 
fluids were used to elucidate the coupling between mechanical and 
chemical load. We measured stress, strain, permeability and fluid 
chemistry during the carbonation reaction.

2. Materials and methods

Two suites of experiments were designed to test the mechani-
cal response of ultramafic rocks to carbonation reactions, (1) long 
duration (∼168 h) hydrostatic pressing tests with continuous per-
meability, strain and fluid chemistry measurement, and (2) triaxial 
deformation tests, in which shorter hydrostatic pressing (∼72 h) is 
followed by triaxial loading. The first set of tests was conducted 
on samples saturated with either de-ionized water or CO2-rich 
0.6 M NaHCO3 solution. For the second set of tests, CO2-rich 1.5 M 
NaHCO3 solution was also used as pore fluid in addition to the 
aforementioned two, to test the effect of bicarbonate concentra-
tion in the pore fluid. The addition of NaHCO3 is both to buffer the 
pH of the pore fluid, to avoid undue stress on instrumentation, and 
also to provide an optimal rate of reaction (O’Connor et al., 2002).

2.1. Sample material

Experiments were run on thermally cracked Twin Sisters 
dunite, a uniform and nearly monomineralic pristine olivine rock 
from the Cascade Range near Bellingham, Washington, USA. Grains 
were equant and range from 0.2 to 2 mm in size. The mineralogy 
of the block from which samples were cored is approximately 99% 
olivine with trace chromite, enstatite and chromium diopside. The 
composition of the olivine is Fo90 (Ragan, 1963).

Right cylinders 18.4 mm in diameter and 38.1 mm long were 
cored and ground out of dunite slabs. The initial permeability of 
the material was too low to be measured on a bench-top system 
(<10−18 m2), and was not suitable for flow-through experiments, 
so samples were thermally cracked to induce sufficient perme-
ability. Thermal cracking was accomplished by heating samples to 
1250 ◦C in a gas-mixing furnace with a 3:1 CO–CO2 atmosphere 
to prevent oxidation, then rapidly cooled. Samples were ramped to 
temperature in 4 h, held at temperature for 2 h, and then cooled 
in 6 h. Cracks result from stresses induced by anisotropic thermal 
expansion in olivine grains (Demartin et al., 2004). After thermal 
treatment samples had an average permeability of 10−15 m2 and 
average porosity of 1%. Thermal cracks were largely along grain 
boundaries and had high aspect ratios. The large increase in per-
meability attests to the interconnectivity of the new pore space.

2.2. Pore fluid preparation

Three compositions of pore fluid were used for experiments, 
de-ionized water, CO2-rich 0.6 M NaHCO3 solution and CO2-rich 
1.5 M NaHCO3 solution. The CO2-rich solutions were prepared by 
mixing the desired amount of NaHCO3 with de-ionized water, then 
pressurizing an external fluid-mixing vessel with 3.6 MPa of CO2
(see Supplementary Figure S1). The fluid is allowed to equilibrate 
for at least 48 h before the sample is flushed. Using the online 
tool GEOPIG (Johnson et al., 1992) to calculate equilibrium con-
stants for CO2 dissolution reactions at experimental conditions, we 
calculate the pCO2 at experimental conditions to be 0.8 MPa. The 
fluid-mixing vessel is plumbed into the pore pressure system of 
the triaxial deformation apparatus, and the pressure controlled by 
upstream and downstream intensifiers in order to move the fluid 
through the system without depressurizing and degassing CO2. 
According to the equation of state of Duan and Sun (2003), the 
amount of dissolved CO2 in the system remains below the solvus 
for the duration of the experimental procedure, so we expect the 
pore fluid remained a single phase.

2.3. Experimental procedure

Thermally cracked dunite cylinders were jacketed in 127 μm
thick copper foil and outfitted with foil strain gages, then vac-
uum saturated with de-ionized water. Instrumented samples were 
loaded into a triaxial deformation apparatus with a confining pres-
sure of 15 MPa and a pore fluid pressure of 10 MPa, resulting in an 
effective confining pressure of 5 MPa. Once at pressure, the sample 
and vessel were heated to 150 ◦C using an external heater, with a 
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thermal stability of ±1 ◦C throughout the duration of the exper-
iment. When the assembly reached thermal stability, the sample 
and all the plumbing was flushed with the chosen pore fluid for 
the experiment, de-ionized water or CO2-rich solution.

For the long hydrostatic pressing experiments, samples were 
then allowed to react under hydrostatic pressure for 7 d. Strain 
data were collected every minute and permeability measurements 
were made using the transient analysis method (Boitnott, 1997) 
every half-hour for the duration of the experiment. Pore fluid 
aliquots were collected in Teflon vials periodically from the down-
stream side of the sample, acidified to prevent precipitation, and 
analyzed for major cations using an ICP-OES.

For the triaxial deformation experiments, samples were allowed 
to react under hydrostatic pressure for ∼72 h. Strain data were 
collected every minute during the hydrostatic portion of the test. 
Permeability measurements were taken twice daily. After 3 days 
of hydrostatic confinement, constant strain-rate triaxial deforma-
tions were performed on the samples at a nominal strain rate of 
10−5 s−1. Stress and strain data were collected at a frequency of 
0.5 Hz during the triaxial deformation and permeability tests were 
run approximately every 30 MPa of differential stress.

After experiments, samples were dried, a small portion was cut 
off for unpolished SEM analysis, and the remaining sample was 
epoxy impregnated and ground into doubly polished thin sections 
for optical and SEM inspection. Samples prepared for SEM analysis 
were sputter coated with approximately 5 nm of Iridium and af-
fixed to mounts with copper tape. SEM analyses of doubly polished 
thin sections were performed on a JEOL JXA 8900R Microprobe 
at 15 kV accelerating voltage and analyses of unpolished samples 
were performed on a Zeiss Auriga FIB-SEM between 3–5 kV accel-
erating voltage.

3. Results

3.1. Long hydrostatic experiments

During all long hydrostatic experiments, the sample saturated 
with CO2-rich solution shows reduced compaction, enhanced per-
meability reduction and different ion concentration evolution com-
pared to the sample saturated with de-ionized water. Mechanical 
data from the experiments are presented in Fig. 1a. Both samples 
show three stages of compaction, an initial rapid phase, a sec-
ond quasi-steady state and a third, accelerating stage. The sample 
saturated with CO2-rich solution shows similar initial compaction, 
reduced secondary compaction and an earlier apparent onset of 
tertiary compaction compared to the sample saturated with de-
ionized water.

Although the sample saturated with carbon-rich solution ex-
hibits reduced total compaction, the rate of permeability reduction 
is higher than that of the sample saturated with de-ionized wa-
ter, as shown in Fig. 1b. Both samples have a log linear reduction 
in permeability over the course of experiments, with no apparent 
direct correlation with compaction rate.

Ion concentrations (Mg2+, Si4+, Ca2+, Fe2+) in pore fluid evolve 
differently during hydrostatic pressing for samples with the two 
pore fluids. Chemical data from time-series fluid aliquots are pre-
sented in Fig. 1c–f. The pore fluid from the sample saturated with 
carbon-rich solution shows an early spike and decay in Mg2+, 
while the Si2− in the pore fluid increases for ∼50 h before be-
ginning to decrease. Ca2+ appears to remain flat for the duration 
of the experiment and Fe continuously increases. Pore fluid from 
the sample saturated with de-ionized water shows Mg2+ and Si4+
increase for ∼50 h before beginning to decrease and no systematic 
trend in Ca2+ or Fe2+.
Fig. 1. Data from long hydrostatic experiments. Data from experiments with de-
ionized water are in blue while data from experiments with carbon-rich solution 
are in red. Experiments were performed at 150 ◦C. a) Volumetric strain versus time; 
the de-ionized water sample shows more compaction than the carbon-rich solution 
sample. b) Permeability versus time; the sample saturated with carbon-rich solution 
has a steeper rate of permeability reduction. Dashed lines are log linear fits to the 
data. c–f) Ion concentrations in pore fluid versus time; trends indicate early olivine 
dissolution and later secondary mineral precipitation. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

3.2. Short hydrostatic experiments

Bicarbonate concentration in pore fluid and temperature both 
appear to have an effect on the compaction of dunites. Mechan-
ical data from all short hydrostatic experiments are presented 
in Fig. 2a. All experiments were performed with 10 MPa pore 
pressure and 15 MPa confining pressure at room temperature or 
150 ◦C. The sample saturated with de-ionized water at room tem-
perature shows the least compaction, under 0.01% total volumetric 
reduction. The sample saturated with de-ionized water at elevated 
temperature shows the most initial compaction, but is overtaken 
at ∼55 h by the sample saturated with the 0.6 M NaHCO3 solu-
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Fig. 2. Data from short hydrostatic experiments. Data from experiments with de-
ionized water at room temperature are in cyan, de-ionized water at elevated tem-
perature are in blue, carbon-rich solution with 0.5 M NaHCO3 are in red and carbon-
rich solution with 1.5 M NaHCO3 are in green. Experiments at elevated temperature 
were performed at 150 ◦C. a) Volumetric strain versus time. The room temperature 
sample shows little compaction, while samples at elevated temperature compact for 
the entire duration of the experiment. Initial compaction appears to anti-correlate 
with bicarbonate concentration. Samples saturated with carbon-rich solution show 
a late increase in compaction rate. Vertical lines are signals from permeability tests. 
b) Permeability versus time; variation in permeability is small, but the extent of 
permeability reduction appears to correlate with pore fluid bicarbonate concentra-
tion. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

tion. The sample saturated with the 0.6 M NaHCO3 solution shows 
slightly reduced compaction compared to the de-ionized water 
sample at elevated temperature at the beginning of the experi-
ment, but the compaction rate increases toward the end of the 
experiment. The sample saturated with the 1.5 M NaHCO3 solu-
tion shows a further reduction in compaction compared to the low 
bicarbonate and de-ionized water samples.

Permeability is reduced over the duration of experiments for 
all pore fluid compositions. Permeability data from short hydro-
static experiments are presented in Fig. 2b. Changes in permeabil-
ity for the de-ionized water sample at room temperature are small. 
Among elevated temperature samples, there is the suggestion of an 
anti-correlation between permeability reduction and pore fluid bi-
carbonate concentration, but variability is small.

3.3. Triaxial deformation experiments

Pore fluid composition and temperature have a strong effect on 
the deformation behavior and strength of dunite. Samples with 3 
different pore fluids were deformed triaxially after three days of 
hydrostatic pressing. Mechanical data are presented in Fig. 3a–b. 
When differential stress is plotted against axial strain (Fig. 3a), 
all samples show four stages of deformation, an initial compaction 
phase of the closure of oriented pre-existing cracks, a second phase 
of the quasi-elastic behavior, a third phase of strain softening and 
dilation and final phase of shear failure after the peak stress. Ef-
fective Young’s Modulus is calculated from the second stage. All 
samples fail by localized brittle faulting.

The sample saturated with de-ionized water at room temper-
ature has the highest Young’s modulus, at 55.6 GPa, as well as 
the highest peak stress, 175 MPa. The sample saturated with de-
ionized water at elevated temperature is less stiff, with a Young’s 
modulus of 34.5 GPa, 38% lower than at room temperature, and 
has the lowest peak stress, 104 MPa, a 41% reduction relative to 
the sample reacted at room temperature. Samples saturated with 
carbon-rich solution show an even further reduction of Young’s 
modulus, but attained higher peak stress than the de-ionized wa-
ter sample at elevated temperature. The sample saturated with 
the 0.6 M NaHCO3 solution has a Young’s modulus of 28.7 GPa 
and a peak stress of 146 MPa. The sample saturated with the 
1.5 M NaHCO3 solution has a Young’s modulus of 31.7 GPa and 
a peak stress of 150 MPa. A summary of these mechanical data is 
presented in Table 1. Additional experiments were run to asses re-
peatability with good agreement, the data from which is presented 
in Supplementary Figure S2 and summarized in Supplementary Ta-
ble 1.

All samples show reductions in permeability during triaxial de-
formation. Permeability data collected during deformation is pre-
sented in Fig. 3c–d. The sample saturated with de-ionized water at 
room temperature has the highest initial permeability and shows 
the greatest reduction in permeability during triaxial deformation. 
The sample saturated with de-ionized water at elevated tempera-
ture and the samples saturated with the CO2-rich solution show 
reductions in permeability until close to peak stress, when perme-
ability increases slightly, likely indicating coalescence of microc-
racks.

3.4. Reaction path model

The Geochemist Workbench (GWB) software (Bethke, 2008) was 
used for reaction path modeling (React module). Reaction path 
modeling was used to predict solution composition, shifts in pH, 
and mineral saturation as a function of reaction progress. The 
simulations involved two steps: (1) equilibrating NaHCO3 solution 
with added CO2 at room temperature (following the experimental 
sequence), and then (2) adding the reactants (forsterite Mg2SiO4
and fayalite Fe2SiO4) into the aqueous system at 423 K (150 ◦C).

The solubility of CO2 in NaHCO3 solutions decreases with in-
creasing temperature (Han et al., 2011), therefore to account for 
this decrease in solubility, we allowed the pH to drift from the 
original value of 6.0–6.5 to pH 7.0 in the reaction path models. 
In addition to NaHCO3 components present in the synthetic brine, 
we also specified the concentration of calcium (Ca2+), since this 
element was consistently detected in DW (∼4 ppm Ca2+) and 
NaHCO3 (∼8 ppm Ca2+) experiments, likely from dissolution of 
trace diopside. Kinetic rate parameters were specified for mineral 
dissolution, while relevant minerals were allowed to precipitate in-
stantaneously.

For the initial models, at 423 K the kinetic dissolution constants 
were set at 1.2 × 10−11 mol cm−2 s−1 for all reactors (Hänchen et 
al., 2006). The duration of the reaction was set at 200 h. We used 
the Lawrence Livermore National Laboratory (LLNL) thermo.dat
database included in the GWB package. The CO2 solubility in 
NaHCO3 solutions was calculated using modified Setschenow equa-
tion reported in Han et al. (2011). The calculated CO2 solubility at 
a pCO2 of 5.1 MPa at room temperature is 0.85 mol kg−1 for 0.6 M
NaHCO3, and 0.36 mol kg−1 for 1.5 M NaHCO3. The solid to liquid 
ratio in the models was matched to that of the experiment, taking 
into account that average porosity of samples was 1%. The mineral 
reactive surface area was set at 0.01 cm3 g−1, a typical value for 
thermally cracked crystalline rocks (Darot et al., 1992). The solid 
phases that cannot form at the conditions of our experiments (e.g. 
quartz SiO2, and tridymite SiO2) were suppressed in the models. 
Additionally, we suppressed dolomite CaMg(CO3)2 as dolomite was 
not observed in the experiments.

The initial models were run using the dissolution rate re-
ported in the literature (Table 1). The results are shown in Fig. 4. 
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Fig. 3. Data from triaxial deformation experiments. Coloring is the same as for short hydrostatic experiments. a) Differential stress versus axial strain. The room temperature 
sample has the greatest shear strength, while the de-ionized water sample at elevated temperature has the lowest shear strength. Samples saturated with carbon-rich solution 
have lower apparent Young’s moduli but intermediate shear strength. b) Volumetric strain versus axial strain; samples saturated with carbon-rich solution accommodate 
more axial strain before dilating. Vertical lines are signals from permeability tests. c, d) Permeability versus strain. All samples exhibit permeability reductions during triaxial 
deformation. The samples saturated with de-ionized water and 0.6 M NaHCO3 solution at elevated temperature show slight permeability enhancements near the time of 
failure.

Table 1
Summary of mechanical data from all triaxial tests.

Name Temp 
(◦C)

Fluid composition Hydrostatic duration
(Hr)

Strength 
(MPa)

E 
(GPa)

DUN-1 23 DW 0 167 48.5
DUN-7 150 DW 180 NA NA
DUN-8 150 0.6 M NaHCO3, CO2 180 NA NA
DUN-11a 150 DW 24 NA 38.9
DUN-15a 150 0.6 M NaHCO3, CO2 24 NA 31.1
DUN-18 150 DW 72 104 34.5
DUN-19 23 DW 72 175 55.6
DUN-23 150 1.5 M NaHCO3, CO2 72 150 31.7
DUN-24 150 0.6 M NaHCO3, CO2 72 146 28.7

a Samples not taken to failure.
Silicon, magnesium, and iron are predicted to be released dur-
ing the dunite dissolution in the DW and NaHCO3 reactors. In 
the DW reactor, the primary alteration phases predicted to form 
on the timescale of this experiment are antigorite serpentine 
((Mg, Fe)3Si2O5(OH)4) and brucite (Mg(OH)2). In the 0.6 M and 
1.5 M NaHCO3 reactors, the predicted alteration phases are mag-
nesite (MgCO3), calcite (CaCO3) and siderite (FeCO3). While these 
modeling results capture the observed trend, namely when de-
ionized water reactor is compared to the 0.6 M NaHCO3 reactor, 
the solubility of silicon, magnesium and iron are higher in the 
NaHCO3 reactor, the absolute predicted concentrations are consid-
erably (∼20–500 times) lower than the observed concentrations. 
This indicates that the apparent dissolution rate in our systems is 
significantly higher than the reported rate for the dissolution of 
olivine (Hänchen et al., 2006).

To estimate the apparent dissolution rate in our systems, we 
ran several models while varying the dissolution rate, and found 
that the dissolution rate of 3.16 ×10−9 mol cm−2 s−1 results in the 
order of magnitude agreement with the observed aqueous concen-
trations. This value was used to construct a second set of reaction 
path models (dashed lines in Fig. 4a, b). Similar to the slow dis-
solution rate models, silicon, magnesium, and iron are predicted 
to be released during the dunite dissolution, and the predicted 
alteration phases are the same – brucite and antigorite for the 
DW system, and calcite, magnesite, and siderite for the NaHCO3
reactors; however, the absolute amounts of the secondary phases 
predicted to precipitate are orders of magnitude larger (Fig. 4c, e).

In all experiments at elevated temperature, we observed the 
formation of a minor amount of serpentine phase lizardite
Mg3Si2O5(OH)4 (Fig. 5). Lizardite is not included in the thermo.dat
database, so data for antigorite was used. The geochemical mod-
eling predicts formation of a serpentine phase in the DW reactor 
only; however, in the carbonate-rich NaHCO3 reactors, magnesite 
is the only Mg-containing phase predicted to precipitate. When 
the formation of magnesite is suppressed in the models with 
fast dissolution rate, serpentine is predicted to form in the 0.6 M
and 1.5 M NaHCO3 reactors. This is due to the non-instantaneous 
nucleation of magnesite. Giammar et al., 2005 reported that nu-
cleation of magnesite is the rate-limiting step during magnesite 
precipitation, and a critical saturation index between 0.25 and 1.14 
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Fig. 4. a, b) Chemical analysis of effluent fluid presented with results of a reaction path simulation from Geochemist’s Workbench. Curves in red are CO2-rich experiments 
and simulations while blue curves are from experiments and simulations with de-ionized water. Large circles are experimental data, dashed lines are from simulations with 
fast reaction rates, and dotted lines are from simluations with slow reaction rates. a) Mg versus time and b) Si versus time. c–e) Results of a reaction path simulation from 
Geochemist’s Workbench. c) Minerals predicted to precipitate in the CO2-rich experiments, d) same with magnesite suppressed, and e) minerals predicted to precipitate in 
de-ionized water experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
is required for temperature of 95 ◦C and CO2 pressure of 10.0 MPa 
(Giammar et al., 2005). The retarded nucleation of magnesite will 
lead to locally high Mg2+ , allowing for the precipitation of serpen-
tine (Fig. 4d). A summary of the inputs for the models is presented 
in Supplementary Table 2.

4. Discussion

4.1. Evolution of pore fluid chemistry

Differences in the evolution of ion concentration in pore fluid 
during long hydrostatic experiments point to different dissolution–
precipitation dynamics. The reactions occurring while olivine is 
hydrated and carbonated can be approximated as

Mg2SiO4 + 4H+ → 2Mg2+ + SiO2(aq) + 2H2O (1)

Mg2+ + HCO2−
3 → MgCO3 + H+ (2)

4Mg2+ + 2SiO2(aq) + 7H2O

→ Mg3Si2O5(OH)4 + Mg(OH)2 + 8H+ (3)
where the dissolution of forsterite releases Mg2+ and SiO2 into 
solution, the precipitation of magnesite, serpentine and brucite 
remove Mg2+ from solution and the precipitation of serpentine 
removes SiO2 from solution. The precipitation of amorphous sil-
ica (from the dissolved silica) could also remove SiO2 from solu-
tion.

Samples saturated with both de-ionized water and carbon-rich 
solution show an early spike in both Mg2+ and Si4+ (Fig. 4a, b), 
indicating that dissolution begins rapidly at the beginning of ex-
periments. From here the evolution of the ion concentration in 
the two pore fluids diverges. The model in Fig. 4 shows that rapid 
magnesite precipitation begins immediately upon forsterite disso-
lution, due the reactivity of the dissolved Mg2+ and CO2. This is 
likely responsible for the drop in Mg2+ measured in the pore fluid 
of the carbon-rich solution sample. In the de-ionized water sam-
ple, Mg2+ continues to rise for ∼50 h, indicating that forsterite 
dissolution outpaces any secondary mineralization. Si4+ continues 
to rise in both pore fluids for ∼50 h, then is reduced continu-
ously, likely the result of the later precipitation of serpentine as 
shown in the reaction path model. It should be noted as well that 
in addition to the divergence in pore fluid chemistry evolution, the 
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Fig. 5. SEM images of crack surfaces split along pre-existing cracks (insert) of samples from long hydrostatic experiments. a) Unreacted sample, in which olivine surfaces have 
angular features and no secondary mineralization. b) Overview of crack surface from sample saturated with de-ionized water, in which serpentine was precipitated along 
olivine surface. c) Close-up of de-ionized water sample, in which serpentine precipitated as elongate fin-like sheets and appears to be porous and permeable. d) Overview of 
crack surface from sample saturated with carbon-rich solution, in which serpentine and magnesite intergrow across the olivine grain surface. e) Close up of sample saturated 
with carbon-rich solution, in which serpentine and magnesite layers appear to be porous. f) Serpentine and magnesite layers are discontinuous, leaving some fresh olivine 
surfaces bare. g) Serpentine and magnesite layers appear to be cracked, which is another possible mechanism allowing continuous fluid access to the unreacted olivine.
sample saturated with carbon-rich solution has a larger magnitude 
of dissolved cations for the entire duration of the experiment, in-
dicating that dissolution is more vigorous in that sample. Although 
the reaction path models qualitatively reproduce the chemical evo-
lution of our pore fluid, the differences between the observations 
and the model underscore the difficulty in applying reaction rates 
gleaned from powder reactor studies to real rocks with complex 
pore geometries. It is possible that the elevated normal stress ex-
perienced by asperities along fracture surfaces in the sample under 
stress leads to higher than expected dissolution rates.

4.2. Effect of carbon-rich solution

The observed pore fluid chemistry change and predicted the re-
action path model are consistent with the reaction microstructures 
produced during the experiments. SEM images of unpolished crack 
walls are presented in Fig. 5. Pristine sample material is entirely 
olivine, with angular surfaces free of dissolution features and sec-
ondary minerals (Fig. 5a). The sample saturated with de-ionized 
water (Fig. 5b, c) shows rounding of edges and precipitation of 
serpentine along crack walls. Serpentine appears to grow in elon-
gated flakes and remains porous, suggesting maintenance of fluid 
access to reactive surfaces. The sample saturated with CO2-rich so-
lution shows more substantial secondary mineralization (Fig. 5d–f). 
Serpentine and magnesite are intergrown in porous layers along 
the crack walls. The mineralized layers appear discontinuous along 
the crack wall and have cracks that appear to have formed in-
situ because of mineral growth within them (Fig. 5f). The layers 
do not appear to entirely block fluid access to reactive material 
and may be acting as “proppants”, keeping cracks open. This is 
consistent with the reduced compaction accompanied by increased 
permeability reduction seen in the samples saturated with reactive 
fluid. Secondary mineralization leads to a less compressible pore 
space, slower dissolution of asperities and smaller fracture aper-
tures.

The bicarbonate concentration of the CO2-rich solution has an 
effect on the magnesite and serpentine precipitation textures. SEM 
images of precipitates from the CO2-rich solution samples are pre-
sented in Fig. 6. The low bicarbonate sample shows a larger con-
tribution of dissolution, with ubiquitous etch pits and cave-like, 
surface-intersecting cracks. Magnesite and serpentine are inter-
grown in sparse patches, leaving patches of olivine uncovered. 
The high bicarbonate sample has all of its olivine surfaces cov-
ered in secondary minerals, with olivine only apparent through 
cracks in the mineralized layer (Fig. 6b). These cracks sometimes 
have precipitants in them, suggesting that they form during exper-
iments and are not decompression fractures that formed during 
unloading. Magnesite tends to precipitate as compound crystals 
with many facets, although some well-formed single crystals are 
observed (Fig. 6f–h).
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Fig. 6. SEM images of samples saturated with carbon-rich solution from triaxial experiments. Higher bicarbonate concentration appears to lead to an enhancement in 
carbonate precipitation and a modification of precipitation morphology. a, c, e, g) Sample saturated with 0.6 M NaHCO3 solution, in which dissolution features are dominant 
and magnesite tends to grow as well-terminated polyhedra or coarse aggregate crystals. b, d, f, h) Sample saturated with 1.5 M NaHCO3 solution, in which precipitation is 
much more prominent, with most surfaces completely armored. Magnesite tends to grow as complex aggregate crystals.
The modest reduction in permeability displayed by samples can 
be explained by the evolution of the pore structure throughout 
reaction. Examination of traditional double-polished thin sections 
shows that carbon rich fluid enhances the dissolution of olivine 
as well as precipitation of secondary minerals. SEM backscattered 
electron images of polished thin sections are presented in Fig. 7. 
Samples saturated with de-ionized water show some alteration 
and nascent etch pits can be seen along crack surfaces (Fig. 7a). 
Etch pits appear to have coalesced and broken pieces of coherent 
grain off into cracks (Fig. 7b). Secondary mineralization is present, 
but in thin layers (<1 μm) that are close to the resolution of the 
SEM used for this analysis.
Samples saturated with the CO2-rich solution show much more 
substantial alteration. Etch pits are apparent along all crack sur-
faces, and appear to grow in oriented, parallel bands (Fig. 7c), 
suggesting some influence of stress or crystallographic orientation. 
Dissolution channels tend to perforate the crack surface and co-
alesce at some distance beneath the pre-existing cracks, which 
ultimately separate the altered surface from the rest of the in-
tact grain (Fig. 7d). Such layered alteration may be the onset of 
the hierarchical fractures or kernel patterns commonly observed 
in metasomatised rocks (Iyer et al., 2008; O’Hanley, 1992). Sec-
ondary mineralization is ubiquitous on altered surfaces in layers 
1 to ∼10 μm thick, but was difficult to characterize in polished 
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Fig. 7. SEM images of polished thin sections of samples from long hydrostatic experiments. a, b) Sample saturated with de-ionized water. Alteration is focused around crack 
walls and mostly consists of dissolution features. Secondary minerals are not apparent at this scale. c, d) Sample saturated with carbon-rich solution. Alteration is more 
substantial. Dissolution channelized into etch pits which coalesce at a distance beneath primary crack surfaces, perforating the crack walls. Secondary minerals are the dark 
grey material within cracks.
thin sections. In order to take a look at the secondary minerals in 
greater detail, unpolished samples broken along pre-existing cracks 
were imaged to inspect the crack walls.

Microstructures from triaxial deformation tests, following a 
short period of hydrostatic pressing, highlight the interaction of 
chemical reaction and mechanical deformation. SEM images of 
crack walls of unpolished samples from triaxial experiments are 
presented in Fig. 8. Surface intersecting cracks are imaged to 
highlight the penetration of reactive fluids into the olivine. Dif-
ferences in reaction microstructures among samples saturated 
with different fluids and under different conditions provide in-
sight into variations in mechanical behavior. The sample saturated 
with de-ionized water at room temperature shows the least alter-
ation (Fig. 8a). Undulations in surface intersecting cracks indicate 
nascent etch pits, but that is the only apparent alteration feature. 
The sample saturated with de-ionized water at elevated temper-
ature shows more developed dissolution features (Fig. 8b). Etch 
pits form and begin to coalesce a small distance from the surface 
of the crack. Some serpentine is observed precipitated along the 
crack wall. The sample saturated with low bicarbonate CO2-rich 
solution shows much more substantial alteration (Fig. 8c). Disso-
lution features tend to be prominent and channelized. Etch pits 
form an interconnecting network that coalesces at a distance from 
pre-existing crack surfaces, perforating the olivine. Magnesite and 
serpentine are both observed precipitated on crack walls, but ap-
pear porous and have not grown to entirely cover the surface, 
leaving patches of olivine exposed for further reaction. The sample 
saturated with high bicarbonate-solution shows more precipita-
tion than the low bicarbonate sample (Fig. 8d). Surfaces appear 
armored with porous magnesite and serpentine intergrowths. Me-
chanical data from the hydrostatic portion of the experiment indi-
cate that compaction had not ceased by the end of the experiment, 
suggesting that this porous layer is permeable, maintaining fluid 
communication with reactive surfaces.

4.3. Effect of differential stress

Hydrothermal alteration of the dunite samples leads to mod-
ification of their mechanical behavior. A summary of mechanical 
results is presented in Table 1 and images of polished thin sections 
are presented in Fig. 9. All samples failed by localized brittle frac-
ture. Inspection of petrographic thin sections indicates that failure 
localized due to the interaction and coalescence of microcracks. 
The sample saturated with de-ionized water at room tempera-
ture has the highest shear strength and Young’s modulus. SEM 
analysis shows that the sample shows very little alteration dur-
ing the deformation test (Fig. 8a), so can be considered a control 
case for chemo-mechanical coupling. The sample saturated with 
de-ionized water at elevated temperature, in which dissolution 
features such as etch pits are observed (Fig. 8b), has the lowest 
shear strength, with a reduction of 41% compared to the control 
case, but intermediate Young’s modulus. Macroscopic inspection 
of the post-failure sample shows a well developed, through-going 
shear fracture (Fig. 9b). The pre-existing cracks are primarily along 
grain boundaries, leading to enhanced alteration of grain contacts, 
where most of the microcracking occurs. The reduction of shear 
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Fig. 8. SEM images of crack surfaces split along pre-existing cracks (insert) of samples from short hydrostatic experiments. Surface intersecting cracks are imaged to highlight 
fluid penetration. a) Sample saturated with de-ionized water at room temperature, in which crack shows little alteration. b) Sample saturated with de-ionized water at 
elevated temperature, in which crack shows incipient etch pits. c) Sample saturated with 0.6 M NaHCO3 solution, in which crack shows extensive dissolution features 
and secondary mineralization. d) Sample saturated with 1.5 M NaHCO3 solution, in which secondary mineralization is so dense that crack surface is no longer visible. 
e) Microcracks radiating out of etch pits in sample saturated with de-ionized water at elevated temperature. This enhancement of microcracking may explain the low shear 
strength of the sample.

Fig. 9. Scanned images of polished thin sections of samples from triaxial deformation experiments. a) Sample saturated with de-ionized water at room temperature shows 
significant microcracking. A localized fracture is observed on top half of the sample. b) Sample saturated with de-ionized water at elevated temperature shows sharp through 
going shear fractures. c) Sample saturated with 0.6 M NaHCO3 solution appears to have more distributed shear fractures throughout. d) Sample saturated with 1.5 M NaHCO3

solution shows evidence for well-formed distributed shear fractures throughout.
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strength may be explained by the presence of etch pits, which 
may serve as stress concentrators and lower the stress required 
to fracture the rock. Microstructural observations corroborate this 
interpretation, as microcracks can be seen radiating out from the 
etch pits (Fig. 8d). There are other mechanisms that may result in 
the observed weakening as well, including subcritical cracking and 
precipitation of weak minerals along grain boundaries. The total 
observed effect is likely a combination of several of these mech-
anisms operating at once. Precipitation of serpentine along crack 
surfaces may account for the reduction in apparent Young’s mod-
ulus at low stress levels, before the onset of microcracking.

Samples saturated with CO2-rich solution have intermediate 
strength between the room temperature and elevated temperature 
de-ionized water samples and the lowest Young’s moduli. Precipi-
tation of serpentine and magnesite along crack surfaces again man-
ifests as a reduction in apparent Young’s modulus at low stress 
levels. This mechanism is also consistent with the observed en-
hancement of non-linear stress-strain behavior at very low differ-
ential stress (Fig. 3a). This stage of deformation is typically as-
cribed to the closure of optimally oriented cracks (Walsh, 1965), 
and its enhancement suggests that these cracks have become more 
compliant after reaction. The sample etch pit nucleation mecha-
nism may be operating in these samples, but slightly tempered by 
the reduction in total porosity due to precipitation. It is likely that 
some subcritical cracking takes place during the hydrostatic por-
tion of tests, and this may also explain some of the mechanical 
differences. Previous work has shown that subcritical crack growth 
in basic rocks is sensitive to the activity of water at crack tips 
(Meredith and Atkinson, 1985), which may explain why DI sam-
ples show more weakening than samples saturated with CO2-rich 
solutions with a lower water activity. Furthermore, compliant sec-
ondary minerals may also dissipate stress along crack surfaces by 
plastic deformation of weak phyllosilicates rather than fracturing. 
Armoring of surfaces by secondary minerals hampered observa-
tion of microcracking at very fine scale. Macroscopic observation of 
post-failure samples shows the development of several distributed 
shear fractures, suggesting that hydrothermal alteration encourages 
distributed over localized deformation at the sample scale.

4.4. CO2 injection into reactive reservoirs

The mechanical response of reservoirs to injection and deple-
tion has been studied mostly with regard to poroelastic effects 
(e.g. Grasso, 1992), some of which may be affected by the changes 
in mechanical characteristics observed in this study. Changes in 
the pore pressure of porous reservoirs have been observed to re-
sult in faulting and seismicity (Zoback and Zinke, 2002) as has 
been highlighted by recent episodes of seismicity that result from 
wastewater storage (Ellsworth, 2013). Injection into reservoirs can 
lead to pore pressure overpressurization and hydrofracture; deple-
tion can lead to subsidence and evolution of reservoir stress state 
towards failure. Both these behaviors are the result of changes in 
pore pressure as a result of increasing or reducing the volume of 
water in the pore space, but could also be accomplished by chang-
ing the volume of pore space itself. It has been noted that CO2
storage may be less likely to trigger earthquakes due to reductions 
in overpressure from CO2 dissolution into brine and the subcritical 
stress state of sedimentary reservoirs (Vilarrasa and Carrera, 2015), 
but these conclusions do not apply to low porosity mafic and ul-
tramafic reservoirs. Changes in pore pressure may also result from 
a reduction in pore volume due to precipitation, or an increase 
in pore volume due to dissolution. In addition, the feedback be-
tween injection and pore pressure may be further complicated by 
the alteration of crack walls. Studies have shown that compliant 
pore walls can amplify the effect pore pressure has on the re-
lationship between effective stress and permeability (Zoback and 
Byerlee, 1975). Experimental and modeling studies of the injec-
tion of CO2 into carbonate caprocks indicate that dissolution can 
lead to a net increase in pore space (Luquot and Gouze, 2009;
Gauss et al., 2005), but the model did not take specific micromech-
anisms such as channelized dissolution into account, and may un-
derpredict mechanical feedbacks.

If major projects to inject CO2 into reservoirs of ultramafic and 
mafic rocks proceed, a greater understanding of the coupling be-
tween chemical alteration and mechanical deformation is advis-
able. The precipitation of compliant minerals along crack surfaces 
may result in not only reservoir compaction and subsidence, but 
may affect the frictional behavior of pre-existing faults in the reser-
voir, influencing seismic hazard, a topic that warrants more inves-
tigation. Dissolution of minerals may result in not only compaction 
and subsidence, but may encourage microcracking by concentrat-
ing stress. Cracking is a dilatant process, which increases total 
porosity, which may play a role in maintaining permeability and 
reactive surface area in reservoirs, but may also result in rupture 
and seismicity.

5. Conclusions

We performed hydrostatic compaction and triaxial deformation 
experiments on dunites under hydrothermal and CO2-rich condi-
tions. Shear strength, Young’s modulus, permeability and sample 
porosity are all reduced during reaction. The evolution of phys-
ical properties of dunites reacted with water and CO2 is complex 
and controlled by chemo-mechanical coupling. Analysis of mechan-
ical, chemical and microstructural data suggests that the hydro-
static compaction behavior of the dunite samples is controlled by 
dissolution of olivine and the precipitation of secondary minerals 
such as serpentine and magnesite along pre-existing cracks. Lay-
ers of secondary minerals precipitated on crack walls are porous 
and allow continuous fluid-mineral contact. Alteration layers are 
no thicker than tens of microns, but occur along grain bound-
aries and so have substantial effects on the deformation behavior 
of the samples, causing considerable reduction in apparent elastic 
moduli and shear strength. Reduction of Young’s modulus appears 
to be the result of secondary mineralization along crack surfaces 
while reduction in strength may be the result of the intensifica-
tion of stress at channelized dissolution features. Dissolution rates 
observed are greater than those published in the literature for 
powder reactors, suggesting stress enhanced dissolution. A greater 
understanding of this evolution is advisable for the safety and 
success of any future ultramafic or mafic carbon dioxide mineral-
ization sites, and to better constrain the dynamics of deformation 
and hydrothermal alteration of the oceanic crust.
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