
1. Introduction
Understanding how a carbon dioxide (CO2) bath affects the mechanical properties of quartz is critical for a 
number of engineering applications, including geologic carbon storage (Benson & Cole, 2008) and enhanced gas 
recovery from shale formations (Oldenburg et al., 2001). Both of these processes depend on the injection of fluids, 
including CO2, into the subsurface rock matrix. Once CO2 is injected into these formations, it interacts with the 
minerals and rocks via coupled thermal-hydrological-mechanical-chemical processes (Taron & Elsworth, 2009; 
Zhang et  al.,  2016), including adsorption, reaction, and crack propagation. One such process is stress corro-
sion cracking (Raja & Shoji, 2011), which is recognized to be the main mechanism for fracture growth in the 
upper crust of the Earth (Laubach et al., 2019). At the nanoscale, localized imperfections in the solid matrix can 
grow into fractures releasing trapped gas and increasing the connectivity of the pore network (Rahimi-Aghdam 
et al., 2019). Significant progress has been made toward understanding the effects of stress corrosion on metal 
alloys (Raja & Shoji, 2011). However, the molecular mechanism triggering stress corrosion is not well under-
stood for the complex environment of subsurface reservoirs (Jew et al., 2022; Laubach et al., 2019). To shed light 
on this mechanism, we perform reactive molecular dynamics (MD) simulations that examine the effects of CO2 
on crack initiation in quartz (SiO2). Moreover, we identify trends in the corrosive influence by varying the applied 
strain rate. Finally, the fracture toughness of quartz is calculated at reservoir-relevant conditions.

Shale rock, which constitutes unconventional formations, is a material with low permeability and highly heter-
ogeneous composition. Stress corrosion has been identified for common clays and minerals occurring in shale, 

Abstract The stimulation of crack growth in quartz and siliceous materials by injecting carbon dioxide 
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While this technology is widely used, the molecular impact of CO2 interactions on the solid matrix is only 
incompletely understood. In this work, we employ reactive molecular dynamics simulations to study how 
the CO2 fluid environment affects the mechanical properties of pre-cracked single-crystal quartz. The 
thermodynamic conditions of interest are those relevant to subsurface reservoirs. We report how structural 
properties of quartz—bond length distribution and crack tip shape—evolve upon introduction of a fluid. These 
properties are directly related to macroscopic quantities of the global stress–strain curves, thus reaffirming the 
inherent coupling across multiple scales for fluid–solid interactions in the subsurface. We find that CO2 reduces 
the fracture toughness of quartz by 12.1% compared to that of quartz in vacuum, thereby promoting crack 
growth and enhancing fluid transport in the subsurface.

Plain Language Summary Exposing mineral surfaces to chemical environments impacts their 
mechanical properties. Many subsurface engineering applications expose quartz, which is one of the most 
common minerals in Earth's subsurface, to high-pressure carbon dioxide (CO2). While previous research 
has probed the impact of polar fluids on the mechanical properties of quartz, the influence of CO2 on these 
properties is incompletely understood. Employing reactive molecular dynamics simulations, we study crack 
initiation in quartz exposed to CO2 and quantify its mechanical and structural properties. The CO2 environment 
reduces the fracture toughness of quartz by 12.1% compared to quartz in vacuum, effectively making the 
material less resistant to growth of flaws, such as cracks. In subsurface reservoirs, the growth of cracks 
enhances fluid transport. Our findings may be used for development and calibration of constitutive models of 
quartz exposed to CO2, including applications to geologic carbon storage.
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such as quartz (Rimsza et al., 2018b), calcite (Henry et al., 1977), and a number of other rock types (Laubach 
et  al.,  2019; Meredith & Atkinson,  1983). Ternary diagrams show siliceous compounds, such as quartz and 
feldspar, form a prominent share of the solid matrix in shales (Chermak & Schreiber, 2014). Therefore, quartz 
and silica are often used as model systems for shale rock in experimental and computational studies (Atkinson 
& Meredith, 1987; Barsotti et al., 2016; Coasne et al., 2013). The fracture toughness and mechanical properties 
of silica have been well-characterized through experiments for a wide range of length scales (Bruns et al., 2020; 
Wiederhorn & Bolz, 1970; Yue & Zheng, 2014). These properties are often input to continuum models to predict 
macroscopic fracture growth. A few MD studies have investigated the onset of and mechanism for crack propa-
gation at the nanoscale. Rimsza et al. (2018b) used reactive MD simulations to examine subcritical crack growth 
in amorphous silica in vacuum and found that a process zone develops in radius of 1.5 nm around the crack tip, 
in agreement with experimental measurements. The same approach was adopted to explore the impact of bound-
ary and loading conditions on mechanical properties (Vo, Reeder, et al., 2020), which led to a set of guidelines 
to obtain reproducible properties for amorphous silica. By investigating tensile rupture of α-quartz in vacuum, 
Guren et al. (2022) observed crack path instabilities at speeds greater than 15% of the Rayleigh wave speed.

Beyond the studies of mechanical properties in vacuum and air, the evolution of these properties has been inves-
tigated in water (H2O) and aqueous solutions. The role of fluid acidity in stress corrosion was experimentally 
examined by Atkinson and Meredith (1981). They concluded that crack growth in quartz is enhanced proportion-
ally with the hydroxide concentration of the aqueous environment. This relationship was later translated into a 
molecular mechanism for stress corrosion in the presence of water (Michalske & Freiman, 1982). Computational 
studies of the water–silica system showed that stress corrosion can lower the fracture toughness by up to ∼25% 
(Rimsza et al., 2018a).

Michalske and Freiman (1982) developed a molecular mechanistic model to describe effects of H2O on crack 
propagation in quartz. However, this model accounts only for polar fluids. Many engineering applications require 
the corrosive impact of non-polar fluids, namely CO2, on quartz to be predicted. In this work, we propose a 
molecular mechanism for the corrosive influence of CO2 on quartz and show that this process leads to 12.1% 
average reduction in fracture toughness. Complementary simulations in vacuum and in H2O serve as a reference 
for comparison of the properties and mechanism observed in the CO2 environment. Lower applied strain rate 
further reduces the mechanical properties by allowing for relaxation of the process zone in the quartz sample. 
This impact is quantified for each of the three environments studied: vacuum, H2O, and CO2.

2. Computational Methods
The system dynamics were calculated with the Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) (LAMMPS Manual, 2022; Plimpton, 1995). To describe the charge transfer and reactivity at the 
crack tip, a reactive force field (Aktulga et  al.,  2012) was employed via the ReaxFF parameters of Fogarty 
et al. (2010). Cowen and El-Genk (2016) demonstrated that this force field recovers properties of quartz within 
∼5% of experimental measurements. Furthermore, we assessed the performance of this force field in predicting 
the CO2–quartz interactions by comparing ReaxFF MD results to the adsorption energy of CO2 from density 
functional theory calculations and to the transverse density profiles from non-reactive MD simulations. These 
comparisons are presented in the Supporting Information S1. As expected for nanoconfined CO2, the transverse 
density profiles show that an adsorption layer with enhanced density forms near quartz surfaces due to fluid–solid 
interactions.

We present results based on three different sets of simulations: (a) dry quartz, (b) H2O corrosion, and (c) CO2 
corrosion. The dry quartz simulations, which are done in vacuum, study the crack initiation due to purely mechan-
ical loading. The pure H2O and pure CO2 corrosion simulations study the combined effect of chemical and 
mechanical loading on crack initiation. In all simulations the α-quartz sample is 14 × 14 × 2.1 nm 3 in size. These 
dimensions were selected based on findings in the literature about finite size effects when studying the mechan-
ical properties of silica via MD (Vo, Reeder, et al., 2020), which we confirmed with a convergence study (see 
Supporting Information S1). To initialize the crack, all bonds are removed between the edge of the sample and 
4.5 nm in the y-direction midplane parallel to the x–z plane. The crack is along the (001) surface of α-quartz. The 
sample was strained in a mode I tensile loading to open the crack, as shown in Figure 1. Energy minimization and 
a microcanonical ensemble simulation were adopted to relax the sample.
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Once the crack was opened, fluid was introduced in a reservoir with dimen-
sions 7.5  ×  14.5  ×  2.1  nm 3, adjacent to the cracked side of the α-quartz 
sample. For further loading, the atoms belonging to the top and bottom 1 nm 
of the sample in the y-direction were prescribed with a constant velocity. 
All other atoms in the simulation evolved according to canonical ensemble 
dynamics at 300 K. The dynamics were simulated until catastrophic failure 
occurred, that is, the crack propagated through the sample in the x-direction. 
The total simulation time varied with strain rate and fluid environment; and, 
it obtained values between 1.7 and 17 ns. The strain rates of interest were 
selected to be comparable with the diffusive crack filling rates and ranged 
between 3.4 × 10 6 and 3.4 × 10 7 s −1. These strain rates are at least three 
orders of magnitude lower than those investigated in other MD studies that 
simulated the mechanical behavior of silica by applying strain (Chowdhury 
et al., 2016; Vo, Reeder, et al., 2020; Vo, He, et al., 2020).

Initially the fluid reservoir is at 100 atm and 300 K. To maintain the fluid 
density as the quartz sample is strained, reflective walls were introduced at 
the top, bottom, and left-hand-side boundaries of the reservoir. One limita-
tion of this method is that the density of the reservoir decreases as the crack 
grows and fluid fills the newly opened volume. The change in density due to 
this process was estimated to be less than 10%. To obtain statistically relevant 
results, at the highest strain rate studied we ran three replica simulations with 
different initial molecular configurations. The presented results are ensemble 
averaged over these simulations.

In post-processing the MD data, we assume linear elastic fracture mechanics (LEFM), which is consistent with 
other MD studies (Rimsza et al., 2018a). Based on LEFM theory, the stress intensity factor, KI, is evaluated from 
the crack plane normal stress, σ (Tada et al., 2000):

𝐾𝐾𝐼𝐼 = 𝜎𝜎

√

𝜋𝜋𝜋𝜋𝑐𝑐

4
∑

𝑖𝑖=0

𝛼𝛼𝑖𝑖

(

𝜋𝜋𝑐𝑐

𝜋𝜋𝑠𝑠

)𝑖𝑖

 (1)

with α0 = 1.122, α1 = −0.231, α2 = 10.55, α3 = −21.71, and α4 = 30.382. In this expression, lc = 4.5 nm is the 
length of the pre-existing crack and ls = 14 nm is the sample length. The fracture toughness, KIC, is given by the 
critical value of the stress intensity factor.

3. Results and Discussion
The goal of this paper is to quantify the corrosive influence of CO2 on crack initiation in α-quartz. To achieve 
this goal, we considered a single-crystal quartz that is pre-cracked and located next to a reservoir of pure CO2 
at 100 atm. In this model system, we assumed an atomistic crack tip and we examined a number of mechanical 
properties from the reactive MD data in the context of LEFM. Global stress–strain curves, analysis of Si–O bonds 
near the crack tip, and tracking of crack tip position were utilized to quantify the characteristics of crack initiation 
for quartz in CO2 environment and to compare these characteristics to those in H2O and vacuum. These findings 
were translated in a molecular crack initiation mechanism for quartz in CO2 environment. Finally, to connect 
these results to macroscopic quantities, the fracture toughness was evaluated based on the stress intensity factor 
and compared to experimental data.

3.1. Global Stress–Strain Curves

The global stress–strain curves for the three different environments are shown in Figure 2. When considering the 
samples that are strained at a rate of 3.4 × 10 7 s −1, at low strain, quartz samples exhibit similar stress levels in 
all three environments. However, as the applied strain increases, two distinct behaviors are observed. The quartz 
sample that only experiences mechanical loading in vacuum exhibits a linear relationship between stress and 
strain until the maximum yield stress is reached and a catastrophic failure occurs. In contrast, both samples that 

Figure 1. Setup of the molecular simulations. The quartz sample with 
the pre-opened crack is located next to a fluid reservoir. The reservoir is 
bounded by reflective walls to maintain fluid pressure. The sample is loaded 
mechanically via a prescribed velocity to the top and bottom 1-nm portions 
(atoms colored in cyan and magenta) of the quartz sample.

 21699356, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025624 by Stanford U
niversity, W

iley O
nline L

ibrary on [20/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

SIMESKI AND IHME

10.1029/2022JB025624

4 of 12

are mechanically loaded in a fluid environment show an episodic growth behavior. This behavior is due to early 
bond breaking in the sample at a lower applied strain. Therefore the samples in these simulations never reach the 
high yield stress of the mechanically loaded sample in vacuum. The CO2 and the H2O environments, on average, 
reduce the maximum yield stress of quartz by 10% and 20%, respectively, compared to the analogous mechan-
ical loading in vacuum. This reduction in yield stress has previously been reported both computationally and 
experimentally for stress corrosion cracking in aqueous or damp environments; however, our results suggest that 
nonpolar fluids, such as CO2, can impact the mechanical integrity of quartz in a similar manner.

Across all three environments, lower strain rates lead to a decrease in the yield stress (Figure 2). This behavior 
stems from the longer time of applied strain on the sample. In these cases, the simulation time increased in 
proportion to the reduction in strain rate. During these long simulations, rare events such as bond breaking can 
be observed more commonly. While the Si–O bonds on the crack surface have more time to relax and adapt 
to the applied strain, the process zone grows and affects more bonds in the sample. This scenario is supported 
by the notion that a catastrophic failure only occurs when a certain strain threshold is reached. Importantly, 
while  these  early bond-breaking events lower the yield stress of the material, they do not lead to an earlier forma-
tion of a running crack. Typically, these cascading events break a few bonds, followed by a stress build-up period. 
Hence, the stress–strain curves in Figure 2 show an episodic growth behavior at lower strain rates.

3.2. Si–O Bond Length Analysis

To understand the origin of the yield stress reduction, we analyzed the evolution of the quartz structure. For each 
of the three environments, the average Si–O bond length is plotted in Figure 3a as a function of distance from the 
crack tip. As the sample is strained the Si–O bonds elongate throughout the quartz crystal. The most significant 

Figure 3. Si–O bond length as a function of distance from the crack tip. (a) Bond-length profiles at the time of first bond-breaking event in each sample. Dotted 
line represents initial condition as observed at the end of equilibration period. Comparison of bond-length profiles among different environments at the time of first 
bond-breaking event in (b) H2O-loaded quartz sample and (c) CO2-loaded quartz sample. The black lines represent the far-field Si–O bond length is each sample. These 
results are obtained with an applied strain rate, 𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 10

7  s −1.

Figure 2. Global stress-strain curves of quartz under tensile mode I loading. Effect of strain rate for quartz sample in (a) vacuum, (b) H2O, and (c) CO2 environments. 
Shaded regions regions represent one standard deviation based on three replica simulations.
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elongation is observed near the crack tip. Yet, the elongation behavior differs 
substantially between the three environments. For the aqueous environment, 
the first bond breaks at a very low applied strain when the Si–O bonds near 
the crack tip are not any longer than they were initially. This crack initia tion 
at an insignificant mechanical strain suggests that reactivity between the 
water molecules and the crack surface is the probable cause for the broken 
bonds in this sample. The vacuum and CO2 environments exhibit significant 
bond elongation in contrast to the aqueous environment. Bonds near the crack 
tip in both these samples reach length approximately 5% greater than that of 
a relaxed Si–O bond in quartz.

For a quantitative comparison, in Figures 3b and 3c, the average Si–O bond 
length is plotted as a function of distance from the crack tip at the same strain 
condition when the first crack growth is observed in the H2O and CO2 envi-
ronments. Indeed, at ϵ = 0.0571 Å/Å, when the first bond breaks in the H2O 
environment, the bond profile is comparable among the three environments. 

This similarity confirms that the mechanical loading is not the key factor to the bond breaking processes in aque-
ous environments. At the crack condition in the CO2 environment (ϵ = 0.1074 Å/Å), a finite shoulder is observed 
in the bond profile at 5 Å away from the crack tip. These elongated bonds inside the process zone are first to break 
and control further crack growth.

3.3. Crack Tip Radius and Propagation Speed

In this section, we examine the shape of the crack tip and, by tracking the crack tip location, evaluate the crack 
growth speed. Pook (2000) theoretically derived the crack profile for mode I tensile loading and showed that this 
profile obtains the form of a parabola. This analytical solution suggests that both the crack length and the crack 
surface area increase as load is applied. Because the crack tip radius is related to mechanical properties of the 
material, we characterized how the CO2 environment affects the evolution of the crack tip. First, using the α-shape 
method as implemented in OVITO (Stukowski, 2014), the surface atoms on the quartz sample were identified. In 
adapting the α-shape method, a probe with radius of 2.5 Å was used. Then, the locations of atoms on the crack 
surface in the near-tip region were fitted to a parabola:

𝑓𝑓 (𝑦𝑦) = 𝑎𝑎𝑦𝑦
2
+ 𝑏𝑏𝑦𝑦 + 𝑐𝑐𝑐 (2)

From the expression of a parabola, the radius of curvature, ρ, at the crack tip was calculated as (Taneja, 2010):

𝜌𝜌 =

[

1 + 𝑓𝑓
′(𝑦𝑦)

2
]3∕2

𝑓𝑓 ′′(𝑦𝑦)

|

|

|

|

|

|𝑦𝑦=𝑦𝑦tip

=
1

2𝑎𝑎
. (3)

Here, the location of the crack tip, ytip, was found by finding the parabola minimum: f′(ytip) = 0. The crack tip 
radius of curvature that was calculated from the MD trajectory data is shown in Figure 4. Initially, for each of 
the three environments, the quartz sample, which was loaded at a rate of 3.4 × 10 7 s −1, shows similar evolution 
of the crack tip radius. However, the rate of growth at which the radius of curvature of the dry sample evolves 
increases and exceeds the growth rate of the radii for the samples in CO2 and H2O environments. On one hand, 
this high rate at which the crack tip radius grows in vacuum leads to the significant elongation of the crack tip 
bonds as shown in Figure 3. On the other hand, the physisorption of fluid molecules on the crack surface leads 
to bond relaxation and slows down the evolution of the crack tip radius. These results are in agreement with the 
observations of Rimsza et al. (2018a) for combined chemo-mechanical loading of amorphous silica in an aqueous 
environment. The sharper crack tip in the fluid environment is a short-time stage in the crack initiation before 
significant hydrolysis occurs in the high-stress process zone. For the range of strain rates explored in the current 
study, the strain rate does not substantially affect the crack tip radius, as shown in Figure 4b.

Further, we analyzed the relative crack growth speed among the three environments. For this analysis, we assumed 
an atomistic crack tip where a single atom represents the tip location. The initial location was known from the 
simulation setup. For each subsequent step, considering only surface atoms within a 10 Å × 10 Å region around 

Figure 4. Radius of curvature of the crack tip evolves as applied strain 
increases. (a) Effect of the fluid environment on the crack tip radius is shown 
for a strain rate of 𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 10

7  s −1. (b) Effect of the strain rate for a quartz 
sample in CO2 environment. Solid lines represent moving average of the data.
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the crack tip at the previous time step, we identified the surface atom that was 
farthest from the fluid reservoir and assigned this atom as the new crack tip 
location. This method is limited by the probe size in the α-shape method and 
is inherently sensitive to atomistic oscillations. However, its accuracy was 
found to be satisfactory for the present study. A similar method was employed 
by Wilson et al. (2019) for tracking the crack tip in molecular simulations of 
amorphous silica.

To find the crack speed, we analyzed the time-evolving position of the 
crack tip, which is plotted in Figure 5. In this analysis, the crack speed was 
calculated from all position data points until the crack tip reaches the end 
of the sample approximately Δx = 9.5 nm away from its original location. 
Using only the x-coordinate in calculating the propagation speed is justified, 
because, at the nanoscale, the crack propagates straight in the direction of the 
pre-existing crack (see Figure S6 in Supporting Information S1 for snapshots 
of the system after the crack has propagated through the sample). The slope 
of a linear regression to the crack tip position was taken as the propagation 
speed. Two distinct regimes were identified for the subcritical crack growth: 

a steady-growth regime with a low propagation speed and an episodic-growth regime with an enhanced propa-
gation speed. The steady subcritical growth regime typically propagates by breaking a few bonds at any given 
step. In contrast, the episodic-growth regime exhibits a stair-like behavior where slow growth is interspersed with 
bursts of short traveling cracks.

The effect of the fluid environment on the crack propagation speed is substantial. Notably, the subcritical crack 
growth rate in the steady regime is 1.84 m/s in an aqueous environment, 1.61 m/s in a vacuum, and only 0.72 m/s 
in a CO2 environment. The most notable change is in the episodic-growth regime where running cracks travel 
through the sample. At the highest strain rate studied here, 𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 10

7  s −1, the sample in vacuum skips this 
regime and transitions directly from the steady subcritical growth regime to a single running crack that leads 

to catastrophic failure. Both systems that are in fluid environments have an 
extensive episodic growth regime, where the sample in the aqueous envi-
ronment shows a propagation speed that is approximately double the crack 
growth  speed in the CO2 environment. This finding implies that the initiation 
mechanism for the two fluids is based on distinctly different processes, as 
discussed in the next section.

Finally, we considered the effect of strain rate on the propagation speed. 
While the fundamental mechanism for crack initiation in a given environ-
ment does not strongly depend on the applied strain rate, the sample that 
is being mechanically loaded at a lower rate further relaxes and the stress 
distribution in the process zone is localized near the crack tip. Therefore, at 
lower strain rates, both the steady subcritical growth and the episodic-growth 
regimes of crack propagation were observed in all three fluid environments. 
For CO2, Figure 5b shows the position of the crack tip as a function of time 
at each of the three studied strain rates. Once the samples transition into the 
episodic-growth regime, the crack propagation speed depends on the applied 
strain rate. The sample that is loaded at the lowest strain rate experiences 
a crack that grows almost two times slower in the episodic-growth regime 
than the crack in the sample that is loaded at the intermediate strain rate (see 
Figure 6). In the two reference systems (vacuum and H2O), the propagation 
speed decreases at lower applied strain rates.

Differences in the crack propagation speed have been observed experimen-
tally as a function of the applied stress intensity factor at both slow (Michalske 
& Freiman, 1982) and high (Leong et al., 2018) strain rates. In particular, 
Leong et al. (2018) employed X-ray imaging to measure crack front speeds 
varying between approximately 70 and 1650 m/s in single-crystal quartz with 

Figure 5. Evolution of crack tip position as a function of applied strain. (a) 
Effect of fluid environment on crack tip position is shown for a strain rate 
of 𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 107  s −1. (b) Effect of the strain rate for a quartz sample in CO2 
environment. Solid and dashed lines represent moving average of the data. 
Dotted lines represent linear fits to subcritical growth stage and running crack 
stage.

Figure 6. Crack speed in the x-direction as a function of applied strain 
rate and environment. Circles and dashed lines represent speed in the 
steady-growth regime, while triangles and solid lines represent speed in the 
episodic-growth regime. The lines are guide to the eye. Cracks in H2O, on 
average, propagate faster than cracks in CO2 or vacuum. The crack propagation 
velocity decreases at lower applied strain rates.
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temporal resolution of 153 ns. Considering the distance traveled by the crack 
tip in the dry quartz sample (green curve in Figure 5a) between 𝐴𝐴 𝐴𝐴 𝐴𝐴𝐴 = 0.038 
and 0.042, a crack speed of ∼65 m/s is obtained, which is in good agreement 
with experimental results. However, in the current work, because we defined 
propagation speed as the slope of the crack tip position over time, the effec-
tive propagation speed is reported. Therefore, the values shown in Figure 6 
are significantly lower. We were able to measure this dynamic propagation 
speed during the fracturing process, because the reactive simulations provide 
atomistic resolution of the crack tip, which is inaccessible to state-of-the-art 
experimental studies (Leong et al., 2018).

3.4. Crack Initiation Mechanism

The trajectory analysis of the crack-tip atoms revealed that the fluid envi-
ronment significantly influences the speed of crack growth. Furthermore, 
the investigation of the Si–O bond length near the crack tip showed that 
the elongation is only one of the processes that lead to bond breaking and 
crack initiation. Hence, in this section the crack initiation mechanism in CO2 
environments is studied in comparison to the crack initiation mechanisms in 
vacuum and H2O environments. For the vacuum environment (see Support-
ing Information and Figure S5 in Supporting Information S1), void forma-
tion controls crack propagation leading to enhanced surface roughness with 
many dangling bonds (Figure S6 in Supporting Information S1). For the H2O 
environment (see Supporting Information and Figure S7 in Supporting Infor-
mation S1), the polarity leads to breaking of strained Si–O bonds and smooth 
crack surfaces that are terminated with hydroxyl groups.

The crack initiation mechanism of quartz in CO2 environments is depicted 
in Figure  7. When the quartz surface is exposed to CO2, fluid molecules 
physisorb on the surface (Figure 7a) and effectively creates a lubrication layer 
that enables rapid transport of fluid from the reservoir to the crack tip. These 
physisorbed CO2 molecules on the crack surface limit the Si–O bond elon-
gation and contribute to pressure build-up in the process zone surrounding 
the crack (Figure 8). The inhibition of surface bond elongation occurs due 
to significant interactions involving charge transfer between the physisorbed 
CO2 molecules and the quartz surface (see Figure S8 in Supporting Infor-
mation S1). The pressure build-up inside the quartz sample enhances bond 
elongation in the process zone (Figure  7b). This process can be noted in 
Figure 3c, where Si–O bonds located 5 to 10 Å away from the crack tip in 
the CO2-loaded sample are as long as or longer than those in the dry sample. 
Simultaneously, the Si–O bonds on the crack surface are significantly shorter 
in the CO2-loaded sample than those belonging to the sample in vacuum.

To quantify the energy of physisorption, we performed first-principles 
calculations (see Supporting Information  S1 for details). These calcula-
tions confirmed that the interaction between CO2 and the solid substrate can 
be  classified as physisorption. The adsorption energy of CO2 above the (001) 
surface of SiO2 is −0.067 eV, a value that agrees with results from literature 
(Malyi et al., 2015). Because CO2 is less reactive than water, its physisorption 
is incapable of dissociating the strained crack tip bonds. Hence, a process 
similar to that observed for the sample in vacuum unfolds: voids form first 
inside the process zone (Figure 7c) and create large gaps into which the linear 
CO2 molecules diffuse. This diffusion depends on the existence of voids 
because the large kinetic diameter of CO2 (330 p.m.) allows fluid molecules 
to enter the quartz structure only after voids form. Transport of CO2 into the 

Figure 7. Crack initiation mechanism for quartz in CO2 environment. Pressure 
build-up from the physisorbed CO2 molecules leads to void formation in the 
process zone. Crack initiation occurs at lower applied strain compared to dry 
quartz. The atoms are represented with the following color code: Si–light 
green, 𝐴𝐴 OSiO2

 –dark green, 𝐴𝐴 OCO2
 –red, and C–black.

Figure 8. Atomic stress field during crack initiation in quartz in CO2 
environment. Panels correspond to snapshots in Figure 7. Fluid molecules 
are not shown for clarity. Coloring of atoms represents the magnitude of 
experienced stress in y-direction.
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crystal differs from that of water; H2O molecules (kinetic diameter of 265 
pm.) diffuse into the strained quartz structure before voids form. The diffused 
CO2 molecules physisorb on surface sites within the void leading to pressure 
build-up deeper in the process zone and, eventually, a running crack trav-
els through the sample. Until the critical strain is reached, the crack growth 
happens in bursts on the order of a nanometer (see Figure 5), which translates 
to the episodic-growth behavior observed in the global stress–strain curve 
(Figure 2).

Similarly to the reference environments explored in this paper, the crack 
initiation mechanism in the CO2 environment remains invariant with applied 
strain rate. In the CO2 environment, the unique difference is that lower strain 
rates reduce the effective yield stress in a diminishing manner. This limited 

effect of strain rate on yield stress is because physisorbed CO2 molecules on the crack surface have the same 
effect in relaxing the process zone as the effect that is achieved by a lower strain rate in the vacuum environment. 
Because pressure build-up is a key step of this crack initiation mechanism and the crack radius remains invariant 
to strain rate, further pressure build-up at the crack front is spatially constrained at lower strain rates; thus, the 
overall impact on the effective yield stress is limited.

3.5. Fracture Toughness

The fracture toughness in MD data was determined from the stress intensity factor at the instance of the first 
bond-breaking event (Rimsza et al., 2018a). To calculate the stress intensity factor, Equation 1 was used. This 
expression was verified numerically to have accuracy within 0.5% for finite samples where lc/ls ≤ 0.6 (Tada 
et al., 2000), which is the regime of the samples investigated in this work.

The stress intensity factor is proportional to the global stress–strain curves in Figure 2. As the applied strain 
increased, we observed a monotonic increase in the stress intensity factor. The computed fracture toughness for 
the three environments is summarized in Table 1. At low strain rate, the dry sample has high fracture toughness 
of 2.48 MPa m 1/2 because the first bond-breaking event happens immediately before the formation of a running 
crack that leads to catastrophic failure of the sample. In contrast to this high value, the quartz sample in water 
yields a low fracture toughness of 0.86 MPa m 1/2. This sample experienced both mechanical loading from the 
applied strain rate and chemical loading from hydrolysis reactions on the surface. The first bond-breaking event 
was a bond dissociated by H2O molecules on the surface at low applied strain. These interactions with the aque-

ous environment manifest as change in the slope of Figure 2b. The mechani-
cal loading, however, remains the cause of the running crack that eventually 
formed in this sample. Finally, the quartz sample in CO2 environment shows 
behavior that is between those of the quartz in vacuum and quartz in an aque-
ous environment. The first bond-breaking event in this sample occurred upon 
significant bond elongation, that is, significant applied strain. Therefore, the 
fracture toughness of quartz in CO2 environment, when strained at a rate of 
3.4 × 10 7 s −1, sees only modest 12.1% reduction compared to that of dry 
quartz.

To verify our findings, the fracture toughness values obtained from MD 
simulations were compared to experiments, based on microscopic and macro-
scopic measurements (Atkinson, 1984). The reported data shows dependence 
on a number of environmental factors (e.g., pH factor, temperature, and 
crystallographic direction). Figure 9 compares published values for fracture 
toughness of dry and wet quartz to those computed in the present study. The 
manner in which individual quartz grains fuse together in synthetic quartz 
compared to the naturally occurring single-crystal mineral leads to differ-
ence in the fracture toughness of the two materials. Because of dislocations 
and impurities, the fracture toughness is lower for fused quartz (or fused 
silica) and for synthetic quartz than for naturally occurring quartz (Norton 
& Atkinson, 1981). The fracture toughness of single-crystal quartz in air is 

Table 1 
Fracture Toughness of Quartz for Three Different Environments When the 
Sample Is Mechanically Loaded in Tensile Mode I With Different Applied 
Strain Rates

Fluid

Fracture toughness, KIC (MPa m 1/2)

𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 10
7
s−1 𝐴𝐴 𝐴𝐴𝐴 = 1.7 × 10

7
s−1 𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 10

6
s−1 

Vacuum 2.81 ± 0.22 2.19 2.48

H2O 1.04 ± 0.09 0.97 0.86

CO2 2.47 ± 0.06 2.45 2.27

Figure 9. Comparison of fracture toughness obtained from current MD 
study with experimental measurements for quartz (Atkinson, 1984; Ferguson 
et al., 1987; Norton & Atkinson, 1981) and sandstone samples (Fuchs, 2017; 
Kuangsheng et al., 2019) in air/vacuum, and for quartz in liquid water 
(Atkinson, 1980).
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measured to be in the range between 1.74 and 2.65 MPa m 1/2 (see Figure 9), 
which is in a good agreement with the computed fracture toughness in the 
present study. For sandstone, experimental measurements in air have reported 
fracture toughness of up to 3.12 MPa m 1/2 (Kuangsheng et al., 2019).

The effect of the fluid environment on the fracture behavior of siliceous 
materials has been experimentally quantified for air at different humidity 
levels, liquid water, dry and humid nitrogen, and hydrogen. Additionally, the 
fracture toughness has been measured in dried samples after aging in various 
environments, including dry and wet carbon dioxide for a range of pressure 
and temperature conditions. These experiments suggest that both the aque-
ous environment and aging within a CO2 environment reduce the fracture 
toughness of siliceous materials. In particular, Atkinson (1980) measured the 
fracture toughness of Arkansas Novaculite (a microcrystaline quartz rock) 
and two synthetic single crystal quartz samples in liquid water at 20°C. He 

found  these materials to exhibit fracture toughness between 0.852 and 1.335 MPa m 1/2 in agreement with the frac-
ture toughness calculated in the current MD simulations (see Figure 9). Major et al. (2014) found that the fracture 
toughness of CO2-altered Summerville siltstone was lower by 15.5% compared to that of unaltered siltstone 
from  the same formation. This reduction is in a good agreement with our results. Similarly, Sun et al. (2020), 
who also explored the effects of CO2 on mechanical properties, found that when exposed to pressurized CO2 
reservoirs at 6–8 MPa for 30 days, the fracture toughness of sandstone decreases by 11.01%–27.89% compared 
to that of dry sandstone.

Building upon these comparisons between the current results and experimental measurements, we finally discuss 
the dependence of the fracture toughness on the applied strain rate. As shown in Table 1, lowering the applied 
strain rate leads to a reduction in the measured fracture toughness. This reduction originates from the additional 
time available to the process zone to relax. The relaxation in the process zone leads to concentration of the high-
est stress at the crack front and allows for early breaking of the most strained bonds. Furthermore, this process 
decreases the energy dissipation via heat release and inelastic deformation. The contributions to the decrease in 
energy dissipation, Gdiss, can be traced to the effects of reduced surface roughness, as discussed in the Supporting 
Information S1, and the related limited change in potential energy, ΔPE, for the quartz sample (Figure 10). This 
decrease in ΔPE comes from the lack of dangling bonds on the surface.

The fracture toughness of quartz in high-pressure fluid environments that we calculated here is a key result that 
can directly be used in continuum-scale simulations of geomechanical processes. Its variation with the strain rate 
can further be used to inform the design principles for enhanced gas recovery and geologic carbon storage in the 
subsurface.

3.6. Limitations

The assumptions that we made in modeling of the system incur several limitations. Most importantly, the system 
under consideration is a simplified model of real-life processes in two important ways: (a) we considered pure 
CO2 fluid, while in subsurface reservoirs, dissolved CO2 in brine among other ions is commonly found (Benson 
& Cole, 2008); (b) only the impact on single-crystal quartz was examined here, while shale rock consists of many 
minerals, clays, and organic compounds, including amorphous and polycrystalline materials (Jew et al., 2022). 
Furthermore, future work should examine the influence of carbon dioxide on the crack growth behavior in differ-
ent crystallographic directions of quartz. These simplifications were necessary due to the computational cost of 
reactive MD simulations and the availability of accurate force field to model the atomistic interactions, which 
remains an open area of research. Despite these differences, our model system provides important insight into an 
understudied process of how non-polar fluids impact the crack initiation in quartz.

4. Conclusion
We studied crack initiation in quartz with reactive MD simulations. Primarily, the corrosive influence of the CO2 
fluid environment and the applied strain rate were investigated and compared to aqueous and vacuum environ-
ments. The fluid environments were at high pressure of 100 atm to replicate representative subsurface reservoir 

Figure 10. Percent change of total potential energy of the quartz sample 
during crack initiation. (a) Effect of fluid environment for strain rate of 

𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 10
7  s −1. (b) Effect of strain rate for the CO2 environment.
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conditions. We proposed a crack initiation mechanism in the CO2 environment, where individual fluid molecules 
physisorb on the crack surface, leading to pressure build-up at the crack tip and, hence, to formation of voids 
inside the quartz crystal at low applied strain. Specifically, the results presented here demonstrate that the fluid 
environment has a substantial impact on the crack geometry and propagation speed. The differences between the 
crack initiation mechanism in the CO2 environment and in the H2O environment can be summarized as follows:

•  Because H2O molecules have a strong dipole moment, they dissociate during their reaction with quartz and 
hydroxylate the newly created crack surfaces. In contrast to this behavior, CO2 molecules do not dissociate 
upon breaking the Si–O–Si bridges.

•  Because the reaction between H2O molecules and the quartz crack front is not governed by stress level, Si–O–
Si bridges break at lower stress in H2O environment than in CO2 environment. This difference leads to the 
lower fracture toughness of quartz in H2O environment than in CO2 environments.

•  Charge transfer between physisorbed CO2 molecules and atoms of the quartz crystal near the crack front leads 
to further stress build-up in the quartz sample and additional elongation of Si–O bonds 5 to 10 Å ahead of the 
crack front. This elongation leads to void formation at low stress. Such bond stretching was not observed in 
the H2O environment.

The corrosive influence of fluids is especially significant at high applied strain rates. At the highest rate inves-
tigated in this work, 𝐴𝐴 𝐴𝐴𝐴 = 3.4 × 10

7  s −1, the presence of carbon dioxide leads to reduction in the yield stress of 
10%. In contrast to the yield stress, the fracture toughness shows a greater dependence on the fluid environment. 
Specifically, in aqueous environments, the fracture toughness decreases by 63% due to the chemical reactivity of 
water with the strained Si–O bonds. In the CO2 environment, the fracture toughness decreases by only 12.1% due 
to the pressure build-up near the crack tip. The observed trends in weakened material properties persist across an 
order of magnitude decrease in the applied strain rate, despite the effect of the fluid environment quantitatively 
diminishing. At these lower straining rates, the crack initiation timescale is slower than the relaxation timescale, 
allowing the quartz crystal to relax and the stress field to concentrate near the crack tip. This relaxation of the 
process zone also leads to the creation of smoother, newly created surfaces because surface reconstruction occurs 
as the crack propagates through the sample. We thus found that the corrosive influence of the CO2 fluid environ-
ment is important to consider at all applied strain rates, including subcritical crack growth that is typical for the 
subsurface.

Data Availability Statement
The molecular dynamics data is available through the Stanford Digital Repository at: https://doi.org/10.25740/
ch545gn8760. This data includes the complete atomistic trajectories and thermodynamic output files. The 
Supporting Information contains description of the crack initiation mechanisms for quartz in vacuum and in H2O 
environment, computational details for the ab initio simulations of CO2 adsorption on quartz; and, statistical 
evidence for charge transfer between CO2 molecules and the surface atoms in the quartz sample.
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