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A B S T R A C T

Using double-torsion load-relaxation tests, we evaluated the effect of chemical environment on fracture
toughness and subcritical fracture growth index (SCI) in silicified fault rocks collected in the vicinity of the Dixie
Valley, NV, geothermal system. Testing environments included: ambient air, deionized water, dilute HCl, NaOH,
and NaCl solutions, and deionized water at elevated temperatures. We observed reductions in SCI in all aqueous
environments, with > 60% reduction in alkaline solutions. These results suggest that physiochemical conditions
in hydrothermal systems may facilitate fracture growth, with chemically aided fracture growth and flow conduit
formation competing with precipitation and sealing in reactive systems.

1. Introduction

The location and lifecycle of hydrothermal systems are often con-
sidered through one of two lenses: either the mechanical properties or
the chemical processes influencing permeability. Fault geometry com-
monly exerts a first-order control on hydrothermal flow, with thermal
anomalies and mineral deposits localized in dilational fault jogs, step-
overs, intersections, and tips (Curewitz and Karson, 1997; Cox et al.,
2001; Faulds et al., 2006; Anderson and Fairley, 2008; Eichhubl et al.,
2009; Micklethwaite, 2009). However, permeability in hydrothermal
systems is modified by enhanced dissolution and precipitation and as-
sociated mineralogical and textural changes encountered in and around
hydrothermal cells (e.g. Facca and Tonani, 1967; Browne, 1978;
Summers et al., 1978; Lowell et al., 1993; Morrow et al., 2001;
Nishimoto and Yoshida, 2010; Dempsey et al., 2012; Heap et al., 2017;
Kamali-Asl et al., 2018). There is growing interest in the interaction
between these two paradigms, with the observation that hydrothermal
alteration changes the mechanical behavior of the host rock (e.g. del
Potro and Hrlimann, 2009; Davatzes and Hickman, 2010; Julia et al.,
2014; Pola et al., 2014; Siratovich et al., 2014; Wyering et al., 2014;
Heap et al., 2015) and that mechanical processes may enhance che-
mical reactions (e.g. Gratier, 2011; Ameli et al., 2014).

Chemical-mechanical interactions may also manifest as specific
changes in rock strength and elastic properties in response to different
fluid environments. Deformation in the presence of water has a well-

known weakening effect, particularly during slow loading and under
sustained loads (Hadizadeh and Law, 1991; Lockner, 1993; Baud et al.,
2000; Wong et al., 2016; Heap et al., 2019). In hydrothermal systems,
which commonly contain spatially zoned fluid temperatures and com-
positions, as well as reactive and disequilibrium conditions (Henley and
Ellis, 1983; Ord et al., 2012), the influence of physiochemical en-
vironment on deformation, and thus permeability, represents a possible
feedback mechanism between chemical and mechanical process and
fluid flow. However, little is known about the impact that chemical
environment has on the fracture mechanical properties of hydro-
thermally altered rocks encountered in hydrothermal systems.

The occurrence of opening-mode fractures in fault zones and frac-
ture networks, and the evolution of these flow systems from single
fractures to complex interconnected networks by fracture propagation,
reactivation, and coalescence provides a fundamental control on the
permeability evolution of fault-controlled hydrothermal and epithermal
systems (Wong and Zhu, 1999; Crider and Peacock, 2004; Davatzes
et al., 2005; Blenkinsop, 2008; Crider, 2015). Fracture mechanics
testing isolates the fundamental processes of fracture initiation and
growth and underlies more complex processes of fracture interaction
and coalescence that lead to shear failure in triaxial experiments.

Linear elastic fracture mechanics describes the stress intensity at the
tip of an opening-mode (mode-I) fracture, KI, as a function of remote
stress, σr, the radius of the fracture, r, and a fracture and loading geo-
metry constant, Y (Brown and Strawley, 1966):
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=K Y rI r (1)

The maximum KI that a material can sustain before critical failure
and mechanical fracture propagation is known as fracture toughness,
KIC.

Fracture growth may occur below the critical threshold due to
chemically aided failure of the loaded and stretched bonds at the
fracture tip. The relationship between stress intensity at the fracture tip,
physiochemical condition, and the velocity, V, of subcritical fracture
growth is (Charles, 1958; Evans, 1972; Wiederhorn, 1974; Atkinson,
1979a):

=V V exp H
RT

KI
SCI

0
'

(2)

where V0′ is a pre-exponential constant, ΔH is the activation enthalpy, R
is the gas constant, T is the absolute temperature, and SCI is the sub-
critical fracture growth or stress corrosion index. SCI describes the slope
of the stress intensity versus velocity (K–V) relationship when fracture
growth is governed by chemical reaction rates (Fig. 1) (Wiederhorn and
Johnson, 1973), before fracture propagation velocity outpaces diffusion
of reactive species to the fracture tip. Lower values of SCI imply fracture
propagation at lower stress intensities or at greater velocity at the same
stress intensity. Furthermore, variations in SCI may manifest as dif-
ferent fracture patterns, with lower SCI resulting in increased fracture
abundance and reduced spacing and higher SCI leading to fracture
clusters (Olson, 1993, 2004). Because subcritical fracture growth is
sensitive to physiochemical environment and occurs at lower stress
intensities than critical fracture failure, subcritical fracture growth may
be an important but generally underappreciated mechanism of che-
mical-mechanical coupling in hydrothermal systems.

From Eq. 2, higher temperatures and changes in chemical fluid
composition that reduce activation enthalpy both promote faster frac-
ture propagation. However, fracture mechanics testing of various rock
types has shown a complex dependence of this behavior on physio-
chemical environment, with mineralogic composition and rock texture
influencing the fracture mechanical response to changing chemical
environment in ways that are not always predictable a priori (Atkinson,
1979a; Waza et al., 1980; Meredith and Atkinson, 1985; Karfakis and
Akram, 1993; Funatsu et al., 2004; Feng and Ding, 2007; Feng et al.,
2009; Kumar, 2010; Nara et al., 2012, 2013, 2014; Rostom et al., 2012;
Brantut et al., 2013; Chen et al., 2017). Mechanisms invoked to explain
observed effects of chemical-mechanical interactions include changes in
elastic parameters of the sample in the process zone of the propagating
fracture (Balme et al., 2004; Funatsu et al., 2004; Nasseri et al., 2009;
Erarslan, 2016), localized stress-enhanced chemical corrosion
(Anderson and Grew, 1977; Atkinson, 1979a; Atkinson and Meredith,
1981; Karfakis and Akram, 1993), fracture tip blunting or sharpening
(Rostom et al., 2012), and cohesive or repulsive forces between the
fracture walls (Karfakis and Akram, 1993; Rostom et al., 2012). These
mechanisms are not mutually exclusive and may all be important in
chemically reactive subsurface environments. Although there is sub-
stantial work describing fracture mechanical properties in sedimentary
rocks of particular interest to oil and gas exploration and CO2 seques-
tration (Schmidt, 1975; Atkinson, 1979b; Holder et al., 2001; Rijken,
2005; Nara et al., 2014; Chandler et al., 2016; Chen et al., 2017; Major
et al., 2018) the impact of changing physiochemical conditions on
fracture toughness and subcritical fracture growth in crystalline and
hydrothermally altered rocks encountered in and around high tem-
perature hydrothermal and engineered geothermal systems has not
been evaluated in detail.

Fracture mechanical properties in hydrothermal systems may be
influenced by 1) hydrothermal alteration changing rock composition
and texture, and thus the rock mechanical properties, and 2) spatial and
temporal variation in chemical environment and chemically aided de-
formation across hydrothermal systems. Here we focus on the latter
scenario, by measuring fracture mechanical properties of silicified fault
rocks in different physiochemical conditions. We used double-torsion
load-relaxation (DT-LR) tests to quantify the peak stress intensity
(KIC*), a proxy for KIC, and SCI in silicified rocks in different chemical
environments. Samples were collected from the Dixie Comstock epi-
thermal deposit, Dixie Valley, Nevada, USA (Fig. 2). Testing environ-
ments included room temperature ambient air conditions, room tem-
perature aqueous conditions, including deionized (DI) water,
hydrochloric acid, sodium hydroxide, sodium chloride, and DI water at
elevated temperature. We discuss the impacts that chemical environ-
ments have on fracture growth and possible implications for feedback
between fluid composition, fracture growth, and fluid flow in hydro-
thermal systems.

2. Sample materials

We tested multiple rock and fracture mechanics specimens of sili-
cified fault rock obtained from the Dixie Comstock epithermal gold
deposit in Dixie Valley, Nevada (Figs. 2 and 3). Several temporally
distinct episodes of alteration are preserved in the Dixie Comstock area,
including early widespread sodic and calcic alteration of the Jurassic
Humboldt Igneous Complex (Dilek and Moores, 1995), and aureoles of
quartz, albite, sericite, kaolinite, and iron oxide above and around
apophyses of Cretaceous granite (Vikre, 1993). Alteration in the mine
area is dominated by silicification along the range front fault (Fig. 3),
with some silicified fault breccia exceeding 2 m in thickness. Intense
silicification extends ∼300 m north and south of the mine, with quartz
veins and minor silicification of fault breccia occurring ∼1.5 km along
strike and > 600 m down dip (R. Zuza, personal communication).

Fig. 1. Schematic K–V curve. At low stress intensity, chemical reactions at the
fracture tip control fracture propagation velocity. As stress intensity increases,
fracture propagation velocity outpaces chemical reactions and diffusion of re-
active species to the fracture tip. Fracture toughness, KIC, is the maximum stress
intensity that a material can sustain before mechanical rupture. After Atkinson
(1979a).
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Samples were obtained from the silicified fault core and represent
the most intense phase of deformation, alteration, and silicification.
Mineral composition, texture, and paragenesis were characterized by
powder X-ray diffractometry (XRD) and transmitted-light thin section
petrography. Total porosity, fracture porosity, and degree of fracture-
filling by mineral cements were calculated by point counting standard

petrographic thin sections with blue-dyed epoxy at 120X magnification.
Total points counted per thin section ranged from 381 to 555. Ambient
unconfined compressive strength (UCS) and static elastic parameters
were measured with uniaxial compressive strength tests using a GCTS
Testing Systems RTR-1000 triaxial rock mechanics rig at the Bureau of
Economic Geology, Austin, TX. Plugs 25.4 mm in diameter were drilled
from the samples, trimmed to ∼53 mm length, and dried at ambient
temperatures in vacuo > 48 h. Loading occurred at an axial strain rate
of 0.055%/minute (∼0.5 μm s−1). UCS is reported from peak, area-
corrected load. Elastic parameters were calculated from the middle
section of the loading curve where the relationship between stress and
strain was approximately linear.

All samples are dominated by fine-grained, intergrown microquartz
and euhedral quartz-lined fractures, with minor chlorite, feldspar and
plagioclase, calcite, and trace sericite, sulfides, and oxides (Fig. 4,
Table 1). Calcite occurs as late fracture fill in the most silicified sample
and as broken lathes in the least silicified sample. In all samples, por-
osity is < 1.6% and heterogeneous, hosted by quartz-lined vugs and
partially quartz- or calcite-filled fractures (Table 1). All samples contain
evidence for multiple generations of deformation and quartz cementa-
tion in the form of entrained and recrystallized silicified clasts and
cross-cutting fractures. However, silicification in these samples appears
to have reduced mechanical anisotropy at the scale of rock and fracture
mechanics specimens. Mean UCS and Young’s modulus (E) of samples
are high, up to 301.3 MPa and 62.8 GPa, respectively, and Poisson’s
ratio (ν) is between 0.11-0.18 (Table 1).

3. Double-torsion load-relaxation testing

3.1. Double-torsion load-relaxation method

We used the DT-LR fracture mechanics testing configuration to
measure KI, KIC*, and SCI of 3 samples of silicified material in different
chemical environments. The DT testing apparatus consists of a base
plate, ball bearings that function as specimen supports, a loading ram
with internal force sensor, and a linear variable displacement trans-
ducer to record displacement (Fig. 5a). KI is calculated from DT tests
using the equation from Williams and Evans (1973):

= +K PW
Wt t

3(1 )
I m

n
3 (3)

where P is load, Wm is moment arm, W is width of a pre-fractured
specimen of sample material, t is specimen thickness, and tn is the

Fig. 2. Field location and generalized geology, Dixie Valley, NV. Samples were
obtained from the Dixie Comstock epithermal deposit, located along a north-
south trending portion of the Dixie Valley – Stillwater fault zone, north of the
1954 Dixie Valley fault scarps and south of the producing geothermal field.
Modified from Callahan et al. (2019).

Fig. 3. Field setting and photographs of samples 1, 2, and 3. Samples were collected from the main silicified range front fault north and south of the Dixie Comstock
mine site.
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reduced thickness along the axial groove (Fig. 5b). Poisson’s ratio, ν,
was obtained from ambient UCS tests. The geometric correction factor,
ϕ, is based on individual specimen geometry and is derived from Fuller
(1979):

= +t
W

t
W

e1 0.6302 2 1.2 2 W
t( 2 )

(4)

Specimen thickness (t), width (W), and length (L) dimensions were
approximately 1.8 mm × 30 mm × 75 mm, respectively, meeting

dimensional requirements of ∼24 t < 2W < L (Nara and Kaneko,
2005). Absolute specimen dimensions were similar to Atkinson
(1979a); Sano and Kudo (1992), and Chen et al. (2017) and were in-
fluenced by sample size and load cell capacity. Specific specimen di-
mensions, loads, and derived SCI are included in Appendix C. A 0.5 mm
deep axial guide groove was cut into the base of each specimen. Spe-
cimens were placed in the DT apparatus with the axial guide groove
facing down (Evans, 1972; Pletka et al., 1979) and loaded from above.
A starting fracture (“pre-fracture”) was introduced into the sample

Fig. 4. Plain light (top row) and polarized light (bottom row) photomicrographs of sample material. Minor variation in texture (clast shape, microfractures, micro- vs
euhedral quartz) and composition arise from variations in degree of silicification and composition of adjacent footwall material. Sample 1 (A, B) includes broken
calcite lathes incorporated from calcite breccia in the adjacent footwall. Samples 2 (C, D) and 3 (E, F) reflect increasing amounts of silicification, but contain relict
plagioclase and chlorite from the adjacent altered gabbroic rocks. All samples contain quartz-filled fractures, with some late calcite-filled fractures (F), and spatially
heterogeneous open fractures and vugs.

Table 1
Sample Identification, Composition, Physical, and Mechanical Properties.

Paper IDa Sample 1 Sample 2 Sample 3

Field IDb 090114-5B 052815-4B 061114-4B 052815-2
IGSNc IECAL002 F IECAL001K IECAL001W IECAL001G
Normalized Composition (wt%)d quartz 88 91 97

feldspars 5 2 < 1
calcite 4 – < 1
chlorite 4 4 3
muscovite – < 1 < 1
sulfide/oxide minerals < 1 < 1 < 1

XRD QC (wt%)e corundum, spike 10 10 10
corundum, analyzed 8 7 6

Physical Propertiesf density (g/cm3) 2.60 ± 0.00 2.64 2.61 ± 0.01
porosity (%) 0.4 0.5 1.6
fractured area (%) 4.3 6.9 12.6
fracture porosity/fill (%) 95.3 96.4 93.3
number of points 555 404 381

Mechanical Propertiesg UCS (MPa) 301.3, ± 38.4 187.8 286.5, ± 12.7
E (GPa) 58.1, ± 0.8 51.1 62.8, ± 1.6
ν 0.18, ± 0.1 0.13 0.11, ± 0.02
G (GPa) 24.7, ± 0.4 22.6 28.3, ± 0.3
number of plugs 3 1 2

a Simplified sample nomenclature used in this manuscript. bIdentification number used in the field. “Sample 2″ includes two adjacent blocks collect in different
field seasons. cSearchable catalog number with additional metadata (http://www.geosamples.org/). dMineralogical composition from XRD. Methods and spectra are
included in Appendix A. eAccounting of error in XRD analysis based on comparison between corundum spike and analyzed abundance. fDensity from UCS testing
plugs, other properties from point counting. gIndividual plug measurements are included in Appendix B.
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using the DT apparatus under ambient conditions at low displacement
rates (< 1 μm s−1) until a distinct load drop indicated the formation of
an edge-fracture. DT-LR tests were conducted by loading the pre-frac-
tured specimen at a displacement rate between 1–2 μm s−1 until frac-
ture propagation was indicated by a rapid drop in supported load.
Displacement was stopped, and the load allowed to decay for ∼10 min.
Load-cycles were repeated until the fracture propagated across the full
length of the specimen (Fig. 5c). Load and displacement were recorded
at 5 Hz.

Fracture toughness (KIC) is calculated from peak load sustained by
pre-fractured specimens under rapid loading. Low displacement rates
used in our DT-LR tests allowed for controlled fracturing and multiple
load-decay cycles per specimen (Fig. 6), improving the overall number
of measurements without additional material expense. However, low
displacement rates may underestimate intrinsic fracture toughness in
some materials (see discussion in Atkinson and Meredith, 1987). We

find no significant difference between peak load sustained under rapid
versus slow displacement conditions in our tests and consider stress
intensity during peak loads in slow displacement tests, KIC*, a reason-
able proxy for KIC (Callahan et al., 2019 and Appendix D). We use the
KIC* nomenclature for this measurement throughout.

Fracture propagation velocity, V, was calculated from the load re-
laxation curve after Evans (1972):

=V a P
P

dP
dT

i0
2 (5)

where a0 is fracture length at the start of each load-decay cycle, Pi is
initial load, and T is time. We used 0.2 for the fracture front geometry
correction factor, ψ (Chen et al., 2017). Initial fracture length, a0, for
the first load-decay cycle was measured along induced pre-fractures
prior to submerging each specimen in testing fluid (Appendix C). Be-
cause fracture length was not observable once specimens were sub-
merged, a0 for later cycles was estimated by adding 12.7 mm, a nominal
value derived by dividing the average specimen length by the typical
number of load-decay cycles per specimen, to the initial fracture length
of the previous cycle. Variation of a0 does not affect the calculation of
SCI and has limited impact on calculated fracture propagation velocity
(Chen et al., 2017). SCI was calculated from stress intensity versus
velocity (K–V) plots using smoothing and fitting functions using an in
house LabView script based in part on derivations described in Holder
et al. (2001).

3.2. Testing conditions

We tested specimens in room temperature ambient air conditions, in
room temperature aqueous conditions, including DI water (pH 6.3–7.5),
0.001 M HCl (pH = 3), 0.01 M NaOH (pH = 12), 0.1 wt% NaCl, and in
DI water at elevated temperatures (60–65 °C). Aqueous conditions were
selected to identify trends related to changes in fluid environment and
do not represent specific hydrothermal fluids or subsurface conditions.
The range of fluid pH is similar to that used in double-torsion tests of
synthetic quartz crystal by Atkinson and Meredith (1981) and was se-
lected to promote observable differences between short duration
(∼10 min) load-decays. Conditions during elevated temperature tests
were limited by poor signal to noise ratios at temperatures > 70 °C.
Relative humidity during ambient tests was not controlled and typically
varied from 63 to 79%. Aqueous conditions were controlled by placing
the DT apparatus in an open stainless-steel basin filled with 3.5 liters of
solution so that the specimen was submerged ∼7 mm below the surface
(Fig. 5a). The pH of testing fluid was measured repeatedly during early
tests. HCl and NaOH conditions showed no variation in pH, but the pH
of DI fluids commonly dropped by < 0.5 pH units during individual
tests, which we attribute to interaction with atmospheric CO2.

Fig. 5. Double-torsion sample geometry and environmental testing configura-
tion. A) Double-torsion apparatus and specimen partially submerged in testing
fluid. B) Cross-section of double-torsion specimen, with load and support points
(semicircles) and dimensions: W = width, Wm = moment arm, t = thickness, tn

= reduced thickness. C) Oblique view of specimen showing pre-fracture length
(a0) and subsequent fracture growth increments. Arrow indicates direction of
fracture propagation. Modified from Callahan et al. (2019).

Fig. 6. Load and displacement patterns from slow loading DT-LR tests used to
derive SCI and KIC*. SCI is derived from load-decay cycles at constant dis-
placement. KIC* is derived from local load maxima sustained at the start of each
load-decay cycle. Modified from Callahan et al. (2019).
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Temperature was recorded with two thermocouples. Elevated tem-
perature tests were conducted with the basin and DT apparatus on a
hotplate. To avoid problems resulting from transient thermal gradients
in the sample, the solution containing the sample was heated from
ambient to 60–65 °C at a rate of < 1 °C min−1, consistent with the rate
of temperature change reported in Meredith and Atkinson (1985) and
Balme et al. (2004). Mean temperature during individual specimen tests
varied by less than 0.3 °C. During elevated temperature tests a poly-
carbonate loading ram was used to reduce noise from thermal fluc-
tuations. For all tests conducted in aqueous solution, specimens were
first vacuum dried for > 48 h, then pre-fractured, and finally immersed
in DI water for > 1 h before testing to avoid transient wetting effects.
Reported durations and conditions for presoaking vary by author; some
authors do not explicitly specify the duration of immersion (Atkinson,
1979a; Atkinson and Meredith, 1981; Karfakis and Akram, 1993), and
others report samples were stored in testing fluids for hours to days
(Waza et al., 1980; Nara and Kaneko, 2005; Nara et al., 2012, 2014;
Rostom et al., 2012). We did not store specimens in testing fluids prior
to testing because we wanted to isolate changes resulting from fluid
interactions at the stressed fracture tip rather than changes resulting
from more widespread dissolution or precipitation. Because specimens
are thin (< 2 mm) and the pre-fractures are full thickness, we are
confident that fluids accessed the fracture tip during testing; we found
no consistent difference between dry samples tested immediately upon
immersion and those soaked in DI water for > 24 h prior to testing.

4. Experimental results

4.1. SCI and KIC* values in different testing environments

We tested specimens of silicified fault rock from three sample sites
around the Dixie Comstock epithermal deposit in different chemical
environments. Five to twelve specimens per sample site were tested in
each chemical environment, with the total number of valid KIC* and SCI
measurements in each environment between 7–28 and 5–24, respec-

tively. Tests that resulted in fractures that propagated out of the axial
guide groove, exceeded load cell capacity, or failed on pre-fracturing
were not included (Appendix C).

We observed high KIC* and SCI in silicified fault rock in ambient air
conditions. Mean KIC* in ambient conditions is 2.40–3.01 MPa √m, and
mean SCI in ambient conditions is 113.3–142.2 (Tables 2 and 3).

Testing environment had limited impact on KIC* in these samples.
Mean KIC* is 2.13–2.73 MPa √m for all samples in aqueous conditions
(Table 2, Fig. 7). The standard deviations of KIC* overlap for the same
sample tested in different environments, except sample 2, where KIC* in
NaOH tests are 29% lower than in ambient conditions. The largest re-
lative standard deviations for KIC* and SCI (22% and 60%, respectively)
for any environment were observed in sample 2, suggesting inter-spe-
cimen heterogeneity in this sample may have negatively impacted the
results. We calculated KIC* in aqueous conditions using ν derived from
ambient UCS tests. Although mechanical degradation and changes in
some elastic properties are reported in different fluid environments
(e.g. Jeong et al., 2007; Heap et al., 2019), the impact of testing en-
vironment on ν, and therefore on miscalculations of KIC*, is expected to
be small. First, Jeong et al. (2007) describe ν as independent of en-
vironmental condition in their tests, and, second, a hypothetical dou-
bling of ν would result in < 5% increase in KIC* (Eq. 3).

SCI was more sensitive to chemical environment. Mean SCI was re-
duced in aqueous environments compared to ambient conditions for all
samples, with the degree of reduction dependent upon the environmental
conditions (Table 3, Fig. 8). Reduction in SCI below ambient conditions
was most pronounced in NaOH environments, where we saw a 46–66%
reduction below mean ambient SCI (Fig. 8). P values from t-tests between
SCI in ambient and NaOH conditions are < < 0.05 for all samples. In
sample 1, SCI in NaOH was also significantly lower than DI and HCl tests,
but not compared to NaCl test. In sample 3, SCI from NaOH tests was
significantly lower than DI conditions, but not significantly different from
HCl or NaCl conditions. Mean SCI values at elevated temperature were
comparable to SCI in NaOH and NaCl conditions (Fig. 8). Despite some
mineralogical, textural, and mechanical differences between samples,

Table 2
Mean Peak Stress Intensity (KIC*) in Silicified Fault Rocks in Different Environments.

KIC* (MPa √m)

Environment Temperature
(°C)a

Sample 1 Sample 2 Sample 3

meanb n meanb n meanb n

air (RT) 2.40 ± 0.16 16 3.01 ± 0.18 25 2.89 ± 0.38 28
DI water (RT) 2.59 ± 0.27 16 2.61 ± 0.38 17 2.73 ± 0.23 7
HCl (pH 3) (RT) 2.33 ± 0.39 15 N.T.c – 2.33 ± 0.35 9
NaOH (pH 12) (RT) 2.51 ± 0.17 13 2.13 ± 0.45 11 2.45 ± 0.28 15
0.1% NaCl (RT) 2.51 ± 0.27 16 N.T.c – 2.44 ± 0.37 14
DI water 60-65 N.T.c – N.T.c – 2.53 ± 0.32 13

a RT = room temperature (22–23 °C). bMean and standard deviation of n tests. cN.T. = not tested.

Table 3
Mean Subcritical Fracture Growth Index (SCI) in Silicified Fault Rocks in Different Environments.

SCI

Environment Temperature
(°C)a

Sample 1 Sample 2 Sample 3

meanb n meanb n meanb n

air (RT) 113.3 ± 29.2 12 123.7 ± 31.9 24 142.2 ± 37.7 17
DI water (RT) 106.3 ± 20.2 7 86.6 ± 50.0 12 73.3 ± 19.3 5
HCl (pH 3) (RT) 89.8 ± 25.1 7 N.T.c – 63.8 ± 19.0 6
NaOH (pH 12) (RT) 61.4 ± 16.3 8 44.0 ± 21.7 11 48.3 ± 17.5 13
0.1% NaCl (RT) 63.6 ± 18.8 13 N.T.c – 53.9 ± 18.8 12
DI water 60-65 N.T.c – N.T.c – 58.6 ± 14.4 17

a RT = room temperature (22–23 °C). bMean and standard deviation of n tests. cN.T. = not tested.
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there is little difference in SCI between samples tested in the same en-
vironment; mean SCI measured in ambient, NaCl, HCl, and NaOH con-
ditions are all statistically similar to mean values calculated from the
same environmental condition in the other samples.

4.2. K–V curves and fracture propagation velocity

Calculated fracture propagation velocities are between 10−8 and
10−4 m/s (Fig. 9), which are consistent with reported subcritical frac-
ture growth velocities for rocks derived from DT tests (Atkinson, 1979a;
Nara et al., 2014; Chen et al., 2017). Due to the high SCI in these
samples, individual fracture growth curves occur across a narrow range

of high mode-I stress intensity (KI). K–V curves for different environ-
ments overlap, reflecting scatter in KIC* and limited impact of chemical
environment on toughness. However, in samples 2 and 3 a reduction in
stress intensity in K–V curves from aqueous tests indicates subcritical
fracture propagation at lower KI compared to ambient conditions. K–V
curves normalized to peak fracture propagation velocity and stress in-
tensity highlight the reduction in SCI (slope) in aqueous conditions,
particularly NaOH, NaCl, and at elevated temperature (Fig. 9). We at-
tribute noise in K–V curves from elevated temperature tests to thermal
transients affecting the DT apparatus and/or load cell, even with mean
temperature fluctuation during each decay period < 0.3 °C.

Fig. 7. Box plots showing KIC* results for different samples in different testing
environments. Boxes show interquartile range, bars show standard deviations,
and dots show outliers. Number of tests reported in Table 2. Testing conditions
have limited impact on KIC*, except for sample 2, which may reflect poor
specimen quality in later tests.

Fig. 8. Box plots showing SCI results for different samples in different testing
environments. Boxes show interquartile range, bars show standard deviations,
and dots show outliers. Number of tests in Table 3. Aqueous conditions result in
reduction in mean SCI compared to ambient tests for all samples. The largest
reduction in mean SCI compared to ambient tests is observed in dilute NaOH
conditions.
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5. Discussion

5.1. Physiochemical effects and mechanisms

5.1.1. Water vs. Ambient air conditions
The water-weakening effect that we observe as reduced SCI is also

described for glass and ceramics (Freiman et al., 2009), single synthetic
quartz crystals (Atkinson, 1979a), and igneous, metamorphic, and se-
dimentary rocks (Nara et al., 2013, 2014, 2017; Chen et al., 2017).
Chemical-mechanical interactions at the fracture tip are commonly
invoked to describe the mechanics of water-weakening in silicates
(Waza et al., 1980; Michalske and Freiman, 1982). In this model, me-
chanically stressed Si-O bonds enable penetration of H2O molecules.
The polar water molecular bonds with the Si-O-Si molecule, producing
a weaker, short-lived OH bond that enables fracture propagation at
lower stress intensity. Any condition that accelerates penetration of
water molecules into the fracture tip region will favor increased sub-
critical growth. Particularly sensitive materials may exhibit a water-

weakening effect with changing relative humidity (Wiederhorn, 1967;
Nara et al., 2012). We did not control relative humidity in our ex-
periments, which may have contributed to scatter in SCI in ambient
conditions. However, the influence of changing humidity on SCI is more
pronounced in clay-rich rocks (Nara et al., 2012).

5.1.2. Effect of changing pH
The 60% reduction in SCI we observed in silicified samples in strong

base, conditions under which quartz is more soluble, is consistent with
other reported reductions in SCI in environments that enhance solubi-
lity or dissolution rate of material at the fracture tip. Reduced SCI is
observed at high pH in glass (Wiederhorn and Johnson, 1973) and at
high pH in single synthetic quartz crystals and silicate rocks (Atkinson
and Meredith, 1981). However, there are exceptions to the positive
correlation between increased dissolution and increased fracture
growth. Rostom et al. (2012) described an increase in toughness of
calcite in low pH conditions, conditions under which calcite is more
soluble, which they attribute in part to fracture tip blunting. In silicates,

Fig. 9. Linear-log and normalized K–V curves. Shift in K–V curves is generally to lower stress intensity and to shallower slope (lower SCI) between ambient and
aqueous conditions. Vertical dashed line shows mean ambient KIC* for each sample.
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and in our samples, fracture growth is generally promoted in high pH
conditions, due to the increased availability of OH− facilitating the
breaking of Si-O-Si bonds (Atkinson and Meredith, 1981; Karfakis and
Akram, 1993).

SCI in our silicified samples in acidic conditions is statistically in-
distinguishable from DI water tests, whereas Atkinson and Meredith
(1981) reported an increase in SCI in acidic environments relative to DI
water for single synthetic quartz crystals. The difference between single
synthetic quartz crystals and the behavior of the aggregate samples we
tested may arise from the presence of minor amounts of calcite, which
becomes more soluble at lower pH.

5.1.3. Effect of increased salinity
The effect of solution salinity on fracture propagation velocity in

rocks varies widely. Clay-rich materials and some carbonates show non-
linear relationships between toughness, SCI, and salinity, with both the
concentration and type of cation influencing results (Rostom et al.,
2012; Nara et al., 2014). Rostom et al. (2012) related increases in SCI in
calcite at salt concentration below ∼1 M NaCl to enhanced calcite so-
lubility, whereas Nara et al. (2014) inferred that observed toughening
in salt solutions was related to reduced clay-swelling ahead of the
propagating fracture tip.

In our samples, dilute NaCl concentrations resulted in a reduction in
SCI compared to DI water. We attribute this response to increased
dissolution rates in silica with increased NaCl concentration at inter-
mediate to elevated pH, as predicted by Dove (1995) for pure quartz.
The behavior of the silicified material is best explained by the dis-
solution kinetics of the dominant mineral species in these samples, with
an additive influence of minor components on behavior in different
environments.

5.1.4. Effect of increased temperature
Temperature effects on KIC and SCI are typically attributed to me-

chanical changes (increased microstructural complexity due to damage
caused by differential thermal expansion and fracturing in test en-
vironments) or chemical effects (increased activity of reactive agents or
faster reaction kinetics at elevated temperature). The impact on KIC

from increasing microstructural complexity by thermal treatments is
commonly non-linear; Meredith and Atkinson (1985); Balme et al.
(2004), and Nasseri et al. (2009) all reported initial toughening with
increased temperature of thermally treated samples and then a decrease
in material strength. They attribute initial toughening with the devel-
opment of small misaligned thermal fractures that arrest induced
fracture propagation, and the subsequent decrease in strength with the
growth and coalescence of experimentally induce thermal micro-
fractures throughout the sample. Physiochemical effects at higher
temperatures include toughening in response to dehydration of clays in
oil baths > 125 °C (Funatsu et al., 2004), and increased dissolution rate
at elevated temperature (Dove, 1995).

In our experiments, we observed a significant reduction in SCI and
no significant change in KIC* in DI water at elevated temperature up to
65 °C. The reduction in SCI at elevated temperature that we observed in
silicified rocks is similar to those reported by Nara et al. (2013) for
granite. Because the total change in temperature was small and the rate
of warming was slow, we do not think that observed temperature effects
resulted from microfractures caused by thermal stresses in our speci-
mens. Instead, we attribute the reduction in SCI to increased solubility
of silica at higher temperature and increased dissolution rate at the
fracture tip.

5.1.5. Summary of subcritical fracture growth behavior in silicified fault
rocks

The influence of chemical environment on SCI is similar between
samples: SCI is reduced in aqueous conditions relative to ambient
conditions, with the most pronounced reductions in NaOH, at elevated
temperature, and in dilute NaCl solutions. Synthetic K–V curves based

on mean SCI in each environment and reduction below a nominal KIC

(2.5 MPa √m) illustrate the relative change in subcritical fracture
growth behavior in different environments (Fig. 10). On average, NaOH
tests have the lowest slopes, representing fracture propagation at lower
stress intensities or faster fracture propagation velocities at the same
stress intensity when compared to fracture propagation velocities in
other testing environments. Silica solubility increases with increasing
pH (Fournier, 1985), but increased temperature and salinity also in-
crease dissolution rate. The observation that environments that favor
increased solubility and dissolution rate promote subcritical fracture
growth in silicified materials is consistent with predictions by Dove
(1995) based on single synthetic quartz crystals.

Although the trends that we observed are generally well described
by quartz and silica kinetics, the impact of acidic condition on sub-
critical fracture growth index and the absolute fracture mechanical
properties we measured in these naturally silicified fault zone samples
differ from the fracture mechanical behavior of single synthetic quartz
crystals as reported by Atkinson (1979a) and Atkinson and Meredith
(1981) and as modeled by Dove (1995). In the silicified rocks we tested,
the presence of minor amounts of plagioclase, feldspar, calcite, and
sericite, which have different dissolution behavior, had negligible ne-
gative effect on bulk fracture mechanics compared to the dominant
mineral phase, and instead appear to have an additive effect. Compared
to the observed increase in SCI and reduction of fracture propagation
velocity in single synthetic quartz crystals in acidic environments re-
ported by Atkinson and Meredith (1981), we speculate that the pre-
sence of minor amounts of calcite may have reduced the contrast be-
tween SCI in neutral and acidic environments in our tests. The textural
complexity found in silicified fault rocks (Fig. 4) may also contribute to
the high toughness and SCI we observed in our samples, which are both
approximately three times higher than the same parameters measured
in single synthetic quartz crystals (Atkinson, 1979a; Atkinson and
Meredith, 1981).

5.2. Feedback between physiochemical condition and fracture processes in
hydrothermal systems

Permeability in many hydrothermal systems evolves through com-
petition between dilatant damage and sealing. Negative feedback be-
tween hydrothermal alteration and reduction in permeability is well

Fig. 10. Synthetic K–V curve showing mean SCI for silicified fault material in
different physiochemical environments for a nominal KIC. A change in chemical
environment from ambient to DI water increases fracture propagation velocity
by more than an order of magnitude at lower stress intensity. Fractures in NaOH
conditions may propagate at the same velocity as ambient fractures but at lower
stress intensity.
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documented, with argillic alteration and silicification both cited as a
mechanism that ultimately reduce fluid flow in hydrothermal systems
(Facca and Tonani, 1967; Henley and Ellis, 1983; Lowell et al., 1993;
Olsen et al., 1998; Dempsey et al., 2012; Mordensky et al., 2018). Yet
permeability in some fault-hosted systems persists long after the last
demonstrable episode of fracture opening related to co-seismic de-
formation (Caskey, 2000; Howald et al., 2015; Siler et al., 2018). Our
results suggest that positive feedback between chemical environment,
subcritical fracture growth, and enhanced permeability may operate in
some hydrothermal settings.

To illustrate the possible impact of different physiochemical con-
ditions on fracture growth, we conducted a limited set of boundary
element models using JOINTS, a numerical fracture pattern growth
simulator (Olson, 1993, 2004). The program leverages the power-law
relationship between subcritical fracture propagation velocity and
stress intensity (Fig. 1) to model fracture growth and fracture network
development in response to loading (Segall, 1984; Olson, 1993). Frac-
ture opening and shear displacements induced by far-field loading
conditions and fracture to fracture interactions are computed numeri-
cally from a quasi-static two-dimensional displacement discontinuity
solution (Crouch, 1976), where the fractures are divided into equal
length boundary elements. The two-dimensional solution is augmented
to incorporate the three-dimensional effects of layer-bounded fractures
using a pseudo-3D correction factor derived in Olson (2004). Stress
intensity factors are computed from fracture tip opening and shear
displacement discontinuity solutions (Olson, 1991, 2007) and fracture
propagation velocities are then determined using the K–V relationship.
We modeled the effects of reducing SCI from 130 to 90 and to 50, si-
milar to the SCI values we measured in silicified rocks in ambient, DI,
and NaOH environments (i.e. least to most reactive), respectively, al-
though not necessarily representative of any site-specific subsurface
conditions. We used model geometries representing 1 and 2 m thick
silicified bodies, low strain rates (2 × 10−16 s−1) to minimize purely
mechanical (critical) fracture propagation, average ambient elastic
properties for these samples, and model run times ∼10 kyr. Model run
times are nominally representative of interseismic periods > 2.5 kyr in
the fault segment hosting the Dixie Valley geothermal field and Dixie
Comstock epithermal deposit (Bell et al., 2004). The direct application
of these model results to fracture networks in the subsurface is limited

by specific subsurface conditions and deformation history, rock and
fracture mechanical properties, and fracture reactivation or inheritance
in real systems. However, in these models, changing SCI resulted in
measurable differences in fracture development: fracture growth was
favored in models with lower SCI and suppressed in models with higher
SCI (Fig. 11).

Based on our experimental results and illustrated in the JOINTS
model, feedback between physiochemical condition, reduced SCI, en-
hanced subcritical fracture growth, and thus higher fracture intensity
and permeability, may be found in quartz-rich rocks in parts of hy-
drothermal systems where the physiochemical conditions favor in-
creased quartz dissolution rates, i.e., in higher temperature, higher pH,
and higher salinity environments. Low pH conditions (pH < 2) are
associated with near-surface acid sulfate environments in active geo-
thermal systems and epithermal and porphyry mineral deposits (Henley
and Ellis, 1983; Henley, 1984; White and Hedenquist, 1990; Simmons
et al., 2005; Tosdal et al., 2009). However, hydrothermal fluids in
geothermal reservoirs are commonly composed of near neutral pH or
slightly alkaline chloride and chloride bicarbonate fluids (Henley and
Ellis, 1983; Henley, 1984; White and Hedenquist, 1990; Simmons et al.,
2005), suggesting that pH at depth in geothermal reservoirs is more
favorable for quartz dissolution, and thus more favorable for subcritical
fracture growth, than in near surface portions of these systems. Mean
temperatures encountered at depth in producing geothermal reservoirs
(230–280 °C; Browne, 1978; Bertani, 2005) would likewise favor in-
creasing rates of subcritical fracture growth relative to cooler condi-
tions on the periphery of the system, up to the point of retrograde so-
lubility ∼340 °C (Fournier and Rowe, 1977). Salinity of hydrothermal
fluids may exceed 30 wt% NaCl equivalent in some geothermal fields
and analogous mineral deposits, but average terrestrial hydrothermal
fluids are generally more dilute (Henley and Ellis, 1983; Simmons et al.,
2005). Dove (1994, 1995) found that 1) changes in dissolution rate with
salt concentration are more pronounced at low salt concentrations than
at high concentrations, and 2) the dissolution rate of quartz is most
sensitive to changes in salinity at neutral to slightly alkaline pH. To-
gether, the pH, temperature, and salinity conditions in hydrothermal
reservoirs favor increased subcritical fracture growth in silicic rocks
relative to parts of hydrothermal systems influenced by cooler, more
dilute meteoric fluids, in vapor-dominated or precipitation dominated

Fig. 11. JOINTS models showing influence of
SCI and body thickness on fracture network
development. Decreasing SCI, representing
changes from ambient to aqueous and to strong
base conditions, is associated with an increase
in fracture intensity. Small tick marks are non-
propagating seed flaws. SCI and body thickness
are varied in these models. Fixed model para-
meters include seed flaw location and or-
ientation, strain boundary conditions
(Sx = 1.0 × 10−6, Sy = 5.5 × 10−5), number
of strain increments (20), model run time
(∼10 kyr), and material mechanical properties
(coefficient of friction = 0.6; KIC =2.5 MPa
√m, ν = 0.14, E =57 GPa).

O.A. Callahan, et al. Geothermics 83 (2020) 101724

10



settings (e.g. boiling interfaces or shallow outflow zones), and in
shallow, low pH, acid-sulfate environments. We further expect the ef-
fects of increased fracture propagation velocity at elevated pH and
elevated temperature may be more pronounced in parts of hydro-
thermal systems containing more soluble phases of silica (e.g. amor-
phous silica or chalcedony (Fournier and Rowe, 1977; Fournier, 1985).

In addition to the potential spatial variation in subcritical fracture
growth arising from different chemical environments encountered
across hydrothermal systems, the relative importance of subcritical
fracture growth may change through time. The role of subcritical
fracture growth may evolve with changing chemical conditions as hy-
drothermal systems mature, or in relation to external forces, such as
seismic cycles. Coseismic failure in hydrothermal systems, for instance,
may be dominated by critical fracture failure and rapid post-seismic
healing (Sheldon and Micklethwaite, 2007) with subcritical fracture
growth gaining influence late in the interseismic period.

Our predictions of enhanced fracture growth at hydrothermal re-
servoir conditions diverge from other experimental results showing
faster rates of fracture healing in quartz and quartz-rich fault gouge at
elevated temperatures (Brantley et al., 1990; Brantley, 1992; Morrow
et al., 2001; Beeler and Hickman, 2004). A critical difference between
their analyses and ours, which predict enhanced fracture growth in
hydrothermal conditions, is the introduction of concentrated tensile
stress at the fracture tip, suggesting that fracture healing vs. fracture
growth in hydrothermal reservoirs may be particularly sensitive to
mismatches between load and fracture orientations.

5.3. Implications for operating geothermal fields

Production and injection in geothermal fields induce complex hy-
drologic, thermal, chemical, and mechanical interactions affecting
overall productivity (e.g. Taron and Elsworth, 2009), which are the
focus of extensive research and modeling efforts (e.g. Taron and
Elsworth, 2010; Sonnenthal et al., 2012; Ameli et al., 2014; White et al.,
2016 and references therein). Fault-fracture networks commonly
dominate flow paths in commercial hydrothermal systems and are the
fundamental components of engineered geothermal systems (e.g. Evans
et al., 1999; Ghassemi, 2012; Olasolo et al., 2016; Amann et al., 2018;
Lu, 2018). Therefore, correctly modeling fracture mechanical behavior
in altered rock and at hydrothermal conditions may improve our un-
derstanding of the lifecycle of hydrothermal systems and promote
better management of conventional and enhanced geothermal fields
(Demarest, 1976; Evans et al., 1999; Ghassemi, 2012; Tomac and
Sauter, 2018). Experimental fracture mechanics investigations using
pristine rock samples, such as the work presented by Takahashi and Abé
(1987), and reservoir models that include generic fracture mechanical
parameters (e.g. McClure and Horne, 2014), may overestimate or un-
derestimate the toughness of altered reservoir rock (Callahan et al.,
2019), and tests conducted in ambient conditions cannot address cou-
pled chemical-mechanical interactions. Our results help constrain
fracture growth behavior in operating geothermal reservoirs by 1)
measuring KIC

*and SCI in altered rocks commonly encountered in hy-
drothermal systems and 2) describing controls on chemically aided
fracture growth that may be operating in hydrothermal reservoirs.

Improved understanding of fracture toughness, subcritical index,
and chemically aided fracture growth may provide new approaches to
reservoir management. Reducing fracture toughness through cyclic
loading has been proposed as a way of reducing induced seismicity
during hydraulic stimulation of geothermal wells (Zang et al., 2013).
Chemical treatments, typically combinations of HCl and HF, are already
successfully employed in conventional hydrothermal systems and in
EGS projects to repair near wellbore damage caused by infiltration of
drilling mud and cuttings into permeable formations and fractures, and
to enhance permeability by dissolving mineral cements (e.g. Morris
et al., 1984; Barrios et al., 2002; Jaimes-Maldonado and Sánchez-
Velasco, 2003; Portier et al., 2009; Zimmermann et al., 2011). Chemical

treatments designed to promote fracture growth are less common in
geothermal well stimulations (Sutra et al., 2017). However, cyclic
loading, coupled with the use of high pH chelating agents to reduce SCI
in quartz-rich reservoir rocks (Rose et al., 2007), could be used during
large volume injections to promote fracture growth at lower stress in-
tensity, providing operators and reservoir engineers additional stimu-
lation strategies.

6. Conclusions

The productivity of many hydrothermal systems is controlled by
fluid flow in fault-fracture networks. Fracture mechanical properties,
fracture toughness and subcritical fracture growth index, likely influ-
ence the hydro-mechanical evolution of these systems. However, little
work has been done to measure these properties in damaged and al-
tered rocks in hydrothermal systems or to quantify the effect that
chemically aided fracture growth may have in common hydrothermal
alteration products. We present results from double-torsion load-re-
laxation tests of silicified fault zone material conducted in various
chemical environments. We find that the subcritical fracture growth
index in this material is reduced by > 60% in aqueous environments
compared to tests conducted in ambient air conditions and that the
largest reductions are associated with high pH NaOH, dilute NaCl so-
lutions, and at elevated temperature. Peak stress intensity during slow
loading, a proxy for fracture toughness, is less affected by chemical
environment. In this end member material, with high strength, high
resistance to fracture growth, and low chemical sensitivity, water-
weakening and enhanced stress corrosion in favorable chemical en-
vironments produce measurable reductions in subcritical fracture
growth index, indicating faster fracture propagation velocities at lower
stress intensities. These results indicate that alkaline, higher tempera-
ture dilute brines encountered in hydrothermal upflow zones may
promote subcritical fracture growth, providing a positive feedback
mechanism that would contribute to localization of hydrothermal fluid
flow and help sustain permeability.

Data availability

Appendices are public and archived at https://doi.org/10.17632/
vbz72yb535.2.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

Xiaofeng Chen aided with fracture mechanics testing and data re-
duction. Donnie Brooks helped with UCS testing. Jeff Cullen and Ben
Larson provided insight into silica solubility in high pH conditions. We
also thank two anonymous reviewers for their comments. This work
was supported by grants from The GDL Foundation, Geothermal
Resources Council, and the AAPG Foundation. Additional supported
was provided by the Jackson School of Geosciences and the Fracture
Research and Application Consortium (FRAC) at the Bureau of
Economic Geology, Austin, Texas. Publication authorized by the
Director, Bureau of Economic Geology.

References

Amann, F., Gischig, V., Evans, K., Doetsch, J., Jalali, R., Valley, B., et al., 2018. The
seismo-hydromechanical behavior during deep geothermal reservoir stimulations:
open questions tackled in a decameter-scale in situ stimulation experiment. Solid
Earth 9 (1), 115–137. https://doi.org/10.5194/se-9-115-2018.

O.A. Callahan, et al. Geothermics 83 (2020) 101724

11

https://doi.org/10.17632/vbz72yb535.2
https://doi.org/10.17632/vbz72yb535.2
https://doi.org/10.5194/se-9-115-2018


Ameli, P., Elkhoury, J.E., Morris, J.P., Detwiler, R.L., 2014. Fracture permeability al-
teration due to chemical and mechanical processes: a coupled high-resolution model.
Rock Mech. Rock Eng. 47 (5), 1563–1573. https://doi.org/10.1007/s00603-014-
0575-z.

Anderson, O.L., Grew, P.C., 1977. Stress corrosion theory of crack propagation with ap-
plications to geophysics. Rev. Geophys. Space Phys. 15 (1), 77–104. https://doi.org/
10.1029/RG015i001p00077.

Anderson, T.R., Fairley, J.P., 2008. Relating permeability to the structural setting of a
fault-controlled hydrothermal system in southeast Oregon, USA. J. Geophys. Res. 113
(B5). https://doi.org/10.1029/2007jb004962.

Atkinson, B.K., 1979a. A fracture mechanics study of subcritical tensile cracking of quartz
in wet environments. Pure Appl. Geophys. 117, 1011–1024. https://doi.org/10.
1007/BF00876082.

Atkinson, B.K., 1979b. Technical note: fracture toughness of Tennessee sandstone and
Carrara marble using the double torsion testing method. Int. J. Rock Mech. Min. Sci.
16, 49–53. https://doi.org/10.1016/0148-9062(79)90513-8.

Atkinson, B.K., Meredith, P.G., 1981. Stress corrosion cracking of quartz: a note on the
influence of chemical environment. Tectonophysics 77, T1–T11. https://doi.org/10.
1016/0040-1951(81)90157-8.

Atkinson, B.K., Meredith, P.G., 1987. Experimental fracture mechanics data for rocks and
minerals. In: Atkinson, B.K. (Ed.), Fractures Mechanics of Rock. Academic Press,
London, pp. 477–525. https://doi.org/10.1016/0148-9062(88)91866-9.

Balme, M.R., Rocchi, V., Jones, C., Sammonds, P.R., Meredith, P.G., Boon, S., 2004.
Fracture toughness measurements on igneous rocks using a high-pressure, high-
temperature rock fracture mechanics cell. J. Volcanol. Geotherm. Res. 132 (2–3),
159–172. https://doi.org/10.1016/s0377-0273(03)00343-3.

Barrios, L.A., Quijano, J.E., Romero, R.E., Mayorga, H., Castro, M., Caldera, J., 2002.
Enhanced permeability by chemical stimulation at the Berlín Geothermal Field, El
Salvador. Geothermal Resources Council Transactions 26, 73–78.

Baud, P., Zhu, W., Wong, T., 2000. Failure mode and weakening effect of water on
sandstone. J. Geophys. Res. 105 (B7), 16371. https://doi.org/10.1029/
2000jb900087.

Beeler, N.M., Hickman, S.H., 2004. Stress-induced, time-dependent fracture closure at
hydrothermal conditions. J. Geophys. Res. - Solid Earth 109 (B2), B02211. https://
doi.org/10.1029/2002JB001782.

Bell, J.W., Caskey, S.J., Ramelli, A.R., Guerrieri, L., 2004. Pattern and rates of faulting in
the Central Nevada seismic Belt, and paleoseismic evidence for prior beltlike beha-
vior. Bull. Seismol. Soc. Am. 94 (4), 1229–1254. https://doi.org/10.1785/
012003226.

Bertani, R., 2005. World geothermal power generation in the period 2001–2005.
Geothermics 34 (6), 651–690. https://doi.org/10.1016/j.geothermics.2005.09.005.

Blenkinsop, T.G., 2008. Relationships between faults, extension fractures and veins, and
stress. J. Struct. Geol. 30 (5), 622–632. https://doi.org/10.1016/j.jsg.2008.01.008.

Brantley, S.L., 1992. The effect of fluid chemistry on quartz microcrack lifetimes. Earth
Planet. Sci. Lett. 113 (1), 145–156. https://doi.org/10.1016/0012-821X(92)90216-I.

Brantley, S.L., Evans, B., Hickman, S.H., Crerar, D.A., 1990. Healing of microcracks in
quartz: implications for fluid flow. Geology 18 (2), 136. https://doi.org/10.1130/
0091-7613(1990)018<0136:HOMIQI>2.3.CO;2.

Brantut, N., Heap, M.J., Meredith, P.G., Baud, P., 2013. Time-dependent cracking and
brittle creep in crustal rocks: a review. J. Struct. Geol. 52, 17–43. https://doi.org/10.
1016/j.jsg.2013.03.007.

Brown, W.F., Strawley, J.E., 1966. Plane strain crack toughness testing of high strength
metallic materials. ASTM STP 410. https://doi.org/10.1520/STP410-EB.

Browne, P.R.L., 1978. Hydrothermal alteration in active geothermal fields. Annu. Rev.
Earth Planet. Sci. 6, 229–250. https://doi.org/10.1146/annurev.ea.06.050178.
001305.

Callahan, O.A., Eichhubl, P.E., Olson, J.E., Davatzes, N.C., 2019. Fracture-mechanical
properties of damaged and hydrothermally altered rocks, Dixie Valley - Stillwater
fault zone, Nevada, USA. J. Geophys. Res. - Solid Earth 124 (4), 4069–4090. https://
doi.org/10.1029/2018jb016708.

Caskey, S.J., 2000. Active faulting and stress redistribution in the Dixie Valley, Beowawe,
and Bradys geothermal fields: implications for geothermal exploration in the Basin
and range. Paper Presented at the 25th Workshop on Geothermal Reservoir
Engineering.

Chandler, M.R., Meredith, P.G., Brantut, N., Crawford, B.R., 2016. Fracture toughness
anisotropy in shale. J. Geophys. Res. - Solid Earth 121 (3), 1706–1729. https://doi.
org/10.1002/2015jb012756.

Charles, R.J., 1958. Dynamic fatigue of glass. J. Appl. Phys. 29, 1657–1662. https://doi.
org/10.1063/1.1723019.

Chen, X., Eichhubl, P., Olson, J.E., 2017. Effect of water on critical and subcritical frac-
ture properties of Woodford shale. J. Geophys. Res. - Solid Earth 122, 2736–2750.
https://doi.org/10.1002/2016JB013708.

Cox, S.F., Knackstedt, M.A., Braun, J., 2001. Principles of structural control on perme-
ability and fluid flow in hydrothermal systems. In: In: Richards, J.P., Tosdal, R.M.
(Eds.), Structural Controls on Ore Genesis Vol. 14. Littleton, Colorado: Society of
Economic Geologist, pp. 1–24. https://doi.org/10.5382/Rev.14.01.

Crider, J.G., 2015. The initiation of brittle faults in crystalline rock. J. Struct. Geol. 77,
159–174. https://doi.org/10.1016/j.jsg.2015.05.001.

Crider, J.G., Peacock, D.C.P., 2004. Initiation of brittle faults in the upper crust: a review
of field observations. J. Struct. Geol. 26, 691–707. https://doi.org/10.1016/j.jsg.
2003.07.007.

Crouch, S.L., 1976. Solution of plane elasticity problems by the displacement dis-
continuity method. Int. J. Numer. Methods Eng. 10, 301–343. https://doi.org/10.
1002/nme.1620100206.

Curewitz, D., Karson, J.A., 1997. Structural settings of hydrothermal outflow: fracture
permeability maintained by fault propagation and interaction. J. Volcanol.

Geotherm. Res. 79 (3), 149–168. https://doi.org/10.1016/S0377-0273(97)00027-9.
Davatzes, N.C., Eichhubl, P., Aydin, A., 2005. Structural evolution of fault zones in

sandstone by multiple deformation mechanisms; Moab Fault, southeast Utah. Geol.
Soc. Am. Bull. 117 (1–2), 135–148. https://doi.org/10.1130/b25473.1.

Davatzes, N.C., Hickman, S.H., 2010. The Feedback Between Stress, Faulting, and Fluid
Flow: Lessons From the Coso Geothermal Field, CA, USA. Paper Presented at the
World Geothermal Congress, Bali, Indonesia.

del Potro, R., Hürlimann, M., 2009. The decrease in the shear strength of volcanic ma-
terials with argillic hydrothermal alteration, insights from the summit region of Teide
stratovolcano, Tenerife. Eng. Geol. 104 (1–2), 135–143. https://doi.org/10.1016/j.
enggeo.2008.09.005.

Demarest Jr., H.H., 1976. Application of Stress Corrosion To Geothermal Reservoirs,
Informal Report LA-6148-Ms. Scientific Laboratory, Los Alamos.

Dempsey, D.E., Rowland, J.V., Zyvoloski, G.A., Archer, R.A., 2012. Modeling the effects of
silica deposition and fault rupture on natural geothermal systems. J. Geophys. Res. -
Solid Earth 117 (5). https://doi.org/10.1029/2012JB009218.

Dilek, Y., Moores, E.M., 1995. Geology of the Humboldt igneous complex, Nevada, and
tectonic implications for the Jurassic magmatism in the Cordilleran orogen. In:
Miller, D.M., Busby, C. (Eds.), Jurassic Magmatism and Tectonics of the North
American Cordillera. Boulder, Colorado: Geological Society of America Special Paper,
pp. 229–248. https://doi.org/10.1130/SPE299-p229. 299.

Dove, P.M., 1994. The dissolution kinetics of quartz in sodium chloride solutions at 25°C
to 300°C. Am. J. Sci. 294, 665–712. https://doi.org/10.1016/0016-7037(92)
90257-J.

Dove, P.M., 1995. Geochemical controls on the kinetics of quartz fracture at subcritical
tensile stresses. J. Geophys. Res. - Solid Earth 100 (B11), 22349–22359. https://doi.
org/10.1029/95jb02155.

Eichhubl, P., Davatzes, N.C., Becker, S.P., 2009. Structural and diagenetic control of fluid
migration and cementation along the Moab fault, Utah. Bull. 93 (5), 653–681.
https://doi.org/10.1306/02180908080.

Erarslan, N., 2016. Microstructural investigation of subcritical crack propagation and
fracture process zone (FPZ) by the reduction of rock fracture toughness under cyclic
loading. Eng. Geol. 208, 181–190. https://doi.org/10.1016/j.enggeo.2016.04.035.

Evans, A.G., 1972. A method for evaluating the time-dependent failure characteristics of
brittle materials - and its application to polycrystalline alumina. J. Mater. Sci. 7,
1137–1146. https://doi.org/10.1007/BF00550196.

Evans, K.F., Cornet, F.H., Hashida, T., Hayashi, K., Ito, T., Matsuki, K., Wallroth, T., 1999.
Stress and rock mechanics issues of relevance to HDR/HWR engineered geothermal
systems: review of developments during the past 15 years. Geothermics 28, 455–474.
https://doi.org/10.1016/S0375-6505(99)00023-1.

Facca, G., Tonani, F., 1967. The self-sealing geothermal field. Bull. Volcanol. 30 (1),
271–273. https://doi.org/10.1007/BF02597674.

Faulds, J.E., Coolbaugh, M.F., Vice, G.S., Edwards, M.L., 2006. Characterizing structural
controls of geothermal fields in the northwestern Great Basin: a progress report.
Geothermal Resources Council Trans. 30, 69–76.

Feng, X.-T., Ding, W., 2007. Experimental study of limestone micro-fracturing under a
coupled stress, fluid flow and changing chemical environment. Int. J. Rock Mech.
Min. Sci. 44 (3), 437–448. https://doi.org/10.1016/j.ijrmms.2006.07.012.

Feng, X.-T., Ding, W., Zhang, D., 2009. Multi-crack interaction in limestone subject to
stress and flow of chemical solutions. Int. J. Rock Mech. Min. Sci. 46 (1), 159–171.
https://doi.org/10.1016/j.ijrmms.2008.08.001.

Fournier, R.O., 1985. The behavior of silica in hydrothermal solutions. In: In: Berger, B.R.,
Bethke, P.M. (Eds.), Geology and Geochemistry of Epithermal Systems 2. pp. 45–61.
https://doi.org/10.5382/Rev.02.03.

Fournier, R.O., Rowe, J.J., 1977. The solubility of amorphous silica in water at high
temperature and high pressures. Am. Mineral. 62, 1052–1056.

Freiman, S.W., Wiederhorn, S.M., Mecholsky, J.J.J., 2009. Environmentally enhanced
fracture of glass: a historical perspective. J. Am. Ceram. Soc. 92 (7), 1371–1382.
https://doi.org/10.1111/j.1551-2916.2009.03097.x.

Fuller, E.R., 1979. An evaluation of double-torsion testing - analysis. In: Freiman, S.W.
(Ed.), Fracture Mechanics Applied to Brittle Materials, ASTM STP. American Society
for Testing and Materials, pp. 3–18. https://doi.org/10.1520/STP36621S. 678.

Funatsu, T., Seto, M., Shimada, H., Matsui, K., Kuruppu, M., 2004. Combined effects of
increasing temperature and confining pressure on the fracture toughness of clay
bearing rocks. Int. J. Rock Mech. Min. Sci. 41 (6), 927–938. https://doi.org/10.1016/
j.ijrmms.2004.02.008.

Ghassemi, A., 2012. A review of some rock mechanics issues in geothermal reservoir
development. Geotech. Geol. Eng. 30 (3), 647–664. https://doi.org/10.1007/s10706-
012-9508-3.

Gratier, J.P., 2011. Fault permeability and strength evolution related to fracturing and
healing episodic processes (years to millenia): the role of pressure solution. Oil Gas
Sci. Technol. 1–16. https://doi.org/10.2516/ogst/2010014.

Hadizadeh, J., Law, R.D., 1991. Technical note: water-weakening of sandstone and
quartzite deformed at various stress and strain rates. Int. J. Rock Mech. Min. Sci.
Geomech. Abstr. 28 (5), 431–439. https://doi.org/10.1016/0148-9062(92)92197-K.

Heap, M.J., Villeneuve, M., Kushnir, A.R.L., Farquharson, J.I., Baud, P., Reuschlé, T.,
2019. Rock mass strength and elastic modulus of the Buntsandstein: an important
lithostratigraphic unit for geothermal exploitation in the Upper Rhine Graben.
Geothermics 77, 236–256. https://doi.org/10.1016/j.geothermics.2018.10.003.

Heap, M.J., Kennedy, B.M., Farquharson, J.I., Ashworth, J., Mayer, K., Letham-Brake, M.,
et al., 2017. A multidisciplinary approach to quantify the permeability of the
Whakaari/White Island volcanic hydrothermal system (Taupo Volcanic Zone, New
Zealand). J. Volcanol. Geotherm. Res. 332, 88–108. https://doi.org/10.1016/j.
jvolgeores.2016.12.004.

Heap, M.J., Kennedy, B.M., Pernin, N., Jacquemard, L., Baud, P., Farquharson, J.I., et al.,
2015. Mechanical behaviour and failure modes in the Whakaari (White Island

O.A. Callahan, et al. Geothermics 83 (2020) 101724

12

https://doi.org/10.1007/s00603-014-0575-z
https://doi.org/10.1007/s00603-014-0575-z
https://doi.org/10.1029/RG015i001p00077
https://doi.org/10.1029/RG015i001p00077
https://doi.org/10.1029/2007jb004962
https://doi.org/10.1007/BF00876082
https://doi.org/10.1007/BF00876082
https://doi.org/10.1016/0148-9062(79)90513-8
https://doi.org/10.1016/0040-1951(81)90157-8
https://doi.org/10.1016/0040-1951(81)90157-8
https://doi.org/10.1016/0148-9062(88)91866-9
https://doi.org/10.1016/s0377-0273(03)00343-3
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0050
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0050
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0050
https://doi.org/10.1029/2000jb900087
https://doi.org/10.1029/2000jb900087
https://doi.org/10.1029/2002JB001782
https://doi.org/10.1029/2002JB001782
https://doi.org/10.1785/012003226
https://doi.org/10.1785/012003226
https://doi.org/10.1016/j.geothermics.2005.09.005
https://doi.org/10.1016/j.jsg.2008.01.008
https://doi.org/10.1016/0012-821X(92)90216-I
https://doi.org/10.1130/0091-7613(1990)018<0136:HOMIQI>2.3.CO;2
https://doi.org/10.1130/0091-7613(1990)018<0136:HOMIQI>2.3.CO;2
https://doi.org/10.1016/j.jsg.2013.03.007
https://doi.org/10.1016/j.jsg.2013.03.007
https://doi.org/10.1520/STP410-EB
https://doi.org/10.1146/annurev.ea.06.050178.001305
https://doi.org/10.1146/annurev.ea.06.050178.001305
https://doi.org/10.1029/2018jb016708
https://doi.org/10.1029/2018jb016708
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0110
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0110
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0110
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0110
https://doi.org/10.1002/2015jb012756
https://doi.org/10.1002/2015jb012756
https://doi.org/10.1063/1.1723019
https://doi.org/10.1063/1.1723019
https://doi.org/10.1002/2016JB013708
https://doi.org/10.5382/Rev.14.01
https://doi.org/10.1016/j.jsg.2015.05.001
https://doi.org/10.1016/j.jsg.2003.07.007
https://doi.org/10.1016/j.jsg.2003.07.007
https://doi.org/10.1002/nme.1620100206
https://doi.org/10.1002/nme.1620100206
https://doi.org/10.1016/S0377-0273(97)00027-9
https://doi.org/10.1130/b25473.1
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0160
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0160
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0160
https://doi.org/10.1016/j.enggeo.2008.09.005
https://doi.org/10.1016/j.enggeo.2008.09.005
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0170
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0170
https://doi.org/10.1029/2012JB009218
https://doi.org/10.1130/SPE299-p229
https://doi.org/10.1016/0016-7037(92)90257-J
https://doi.org/10.1016/0016-7037(92)90257-J
https://doi.org/10.1029/95jb02155
https://doi.org/10.1029/95jb02155
https://doi.org/10.1306/02180908080
https://doi.org/10.1016/j.enggeo.2016.04.035
https://doi.org/10.1007/BF00550196
https://doi.org/10.1016/S0375-6505(99)00023-1
https://doi.org/10.1007/BF02597674
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0220
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0220
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0220
https://doi.org/10.1016/j.ijrmms.2006.07.012
https://doi.org/10.1016/j.ijrmms.2008.08.001
https://doi.org/10.5382/Rev.02.03
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0240
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0240
https://doi.org/10.1111/j.1551-2916.2009.03097.x
https://doi.org/10.1520/STP36621S
https://doi.org/10.1016/j.ijrmms.2004.02.008
https://doi.org/10.1016/j.ijrmms.2004.02.008
https://doi.org/10.1007/s10706-012-9508-3
https://doi.org/10.1007/s10706-012-9508-3
https://doi.org/10.2516/ogst/2010014
https://doi.org/10.1016/0148-9062(92)92197-K
https://doi.org/10.1016/j.geothermics.2018.10.003
https://doi.org/10.1016/j.jvolgeores.2016.12.004
https://doi.org/10.1016/j.jvolgeores.2016.12.004


volcano) hydrothermal system, New Zealand. J. Volcanol. Geotherm. Res. 295,
26–42. https://doi.org/10.1016/j.jvolgeores.2015.02.012.

Henley, R.W., 1984. Chemical structure of geothermal systems. In: In: Henley, R.W.,
Truesdell, A.H., Barton Jr.P.B. (Eds.), Fluid-Mineral Equilibria in Hydrothermal
Systems 1 Society of Economic Geologists, Chelsea, MI. https://doi.org/10.5382/
Rev.01.

Henley, R.W., Ellis, A.J., 1983. Geothermal systems ancient and modern: a geochemical
review. Earth. Rev. 19, 1–50. https://doi.org/10.1016/0012-8252(83)90075-2.

Holder, J., Olson, J.E., Philip, Z., 2001. Experimental determination of subcritical crack
growth parameters in sedimentary rock. Geophys. Res. Lett. 28 (4), 599–602. https://
doi.org/10.1029/2000GL011918.

Howald, T., Person, M., Campbell, A., Lueth, V., Hofstra, A., Sweetkind, D., et al., 2015.
Evidence for long timescale (&103 years) changes in hydrothermal activity induced
by seismic events. Geofluids 15, 252–268. https://doi.org/10.1111/gfl.12113.

Jaimes-Maldonado, J.G., Sánchez-Velasco, R., 2003. Acid stimulation of production wells
in Las Tres Vírgenes Geothermal Field, BCS, méxico. Geothermal Resources Council
Trans. 27, 699–705.

Jeong, H., Kang, S., Obara, Y., 2007. Influence of surrounding environments and strain
rates on the strength of rocks subjected to uniaxial compression. Int. J. Rock Mech.
Min. Sci. 44 (3), 321–331. https://doi.org/10.1016/j.ijrmms.2006.07.009.

Julia, F., Vladimir, L., Sergey, R., David, Z., 2014. Effects of hydrothermal alterations on
physical and mechanical properties of rocks in the Kuril–Kamchatka island arc. Eng.
Geol. 183, 80–95. https://doi.org/10.1016/j.enggeo.2014.10.011.

Kamali-Asl, A., Ghazanfari, E., Perdrial, N., Bredice, N., 2018. Experimental study of
fracture response in granite specimens subjected to hydrothermal conditions relevant
for enhanced geothermal systems. Geothermics 72, 205–224. https://doi.org/10.
1016/j.geothermics.2017.11.014.

Karfakis, M.G., Akram, M., 1993. Effects of chemical solutions on rock fracturing. Int. J.
Rock Mech. Min. Sci. 30 (7), 1253–1259. https://doi.org/10.1016/0148-9062(93)
90104-L.

Kumar, R., 2010. Effect of Chemical Environments on Subcritical Crack Growth in
Geological Materials. (Masters of Science in Engineering). The University of Texas at
Austin 108 pgs.

Lockner, D., 1993. Room temperature creep in saturated granite. J. Geophys. Res. 98,
475–487. https://doi.org/10.1029/92JB01828.

Lowell, R.P., van Cappellen, P., Germanovich, L.N., 1993. Silica precipitation in fractures
and the evolution of permeability in hydrothermal uplfow zones. Science 260 (5105),
192–194. https://doi.org/10.1126/science.260.5105.192.

Lu, S.-M., 2018. A global review of enhanced geothermal system (EGS). Renew. Sustain.
Energy Rev. 81, 2902–2921. https://doi.org/10.1016/j.rser.2017.06.097.

Major, J.R., Eichhubl, P., Dewers, T.A., Olson, J.E., 2018. Effect of CO2–brine–rock in-
teraction on fracture mechanical properties of CO2 reservoirs and seals. Earth Planet.
Sci. Lett. 499, 37–47. https://doi.org/10.1016/j.epsl.2018.07.013.

McClure, M.W., Horne, R.N., 2014. An investigation of stimulation mechanisms in en-
hanced Geothermal Systems. Int. J. Rock Mech. Min. Sci. 72, 242–260. https://doi.
org/10.1016/j.ijrmms.2014.07.011.

Meredith, P.G., Atkinson, B.K., 1985. Fracture toughness and subcritical crack growth
during high-temperature deformation of Westerly granite and Black gabbro. Phys.
Earth Planet. Inter. 39, 33–51. https://doi.org/10.1016/0031-9201(85)90113-X.

Michalske, T.A., Freiman, S.W., 1982. A molecular interpretation of stress corrosion in
silica. Nature 295 (11), 511–512. https://doi.org/10.1038/295511a0.

Micklethwaite, S., 2009. Mechanisms of faulting and permeability enhancement during
epithermal mineralisation; Cracow goldfield, Australia. J. Struct. Geol. 31 (3),
288–300. https://doi.org/10.1016/j.jsg.2008.11.016.

Mordensky, S.P., Villeneuve, M.C., Farquharson, J.I., Kennedy, B.M., Heap, M.J., Gravley,
D.M., 2018. Rock mass properties and edifice strength data from Pinnacle Ridge, Mt.
Ruapehu, New Zealand. J. Volcanol. Geotherm. Res. 367, 46–62. https://doi.org/10.
1016/j.jvolgeores.2018.09.012.

Morris, C.W., Verity, R.V., DaSie, W., 1984. Chemical stimulation treatment of a well in
the Beowawe Geothermal Field. Geothermal Resources Council Transactions 8,
269–274.

Morrow, C.A., Moore, D.E., Lockner, D.A., 2001. Permeability reduction in granite under
hydrothermal conditions. J. Geophys. Res. - Solid Earth 106 (B12), 30551–30560.
https://doi.org/10.1029/2000jb000010.

Nara, Y., Kaneko, K., 2005. Study of subcritical crack growth in andesite using the double
torsion test. Int. J. Rock Mech. Min. Sci. 42, 521–530. https://doi.org/10.1016/j.
ijrmms.2005.02.001.

Nara, Y., Kashiwaya, K., Nishida, Y., Ii, T., 2017. Influence of surrounding environment
on subcritical crack growth in marble. Tectonophysics 706-707, 116–128. https://
doi.org/10.1016/j.tecto.2017.04.008.

Nara, Y., Morimoto, K., Hiroyoshi, N., Yoneda, T., Kaneko, K., Benson, P.M., 2012.
Influence of relative humidity on fracture toughness of rock: implications for sub-
critical crack growth. Int. J. Solids Struct. 49, 2471–2481. https://doi.org/10.1016/j.
ijsolstr.2012.05.009.

Nara, Y., Nakabayashi, R., Maruyama, M., Hiroyoshi, N., Yoneda, T., Kaneko, K., 2014.
Influences of electrolyte concentration on subcritical crack growth in sandstone in
water. Eng. Geol. 179, 41–49. https://doi.org/10.1016/j.enggeo.2014.06.018.

Nara, Y., Yamanaka, H., Oe, Y., Kaneko, K., 2013. Influence of temperature and water on
subcritical crack growth parameters and long-term strength for igneous rocks.
Geophys. J. Int. 193 (1), 47–60. https://doi.org/10.1093/gji/ggs116.

Nasseri, M.H.B., Tatone, B.S.A., Grasselli, G., Young, R.P., 2009. Fracture toughness and
fracture roughness interrelationship in thermally treated Westerly Granite. Pure
Appl. Geophys. 166 (5–7), 801–822. https://doi.org/10.1007/s00024-009-0476-3.

Nishimoto, S., Yoshida, H., 2010. Hydrothermal alteration of deep fractured granite: ef-
fects of dissolution and precipitation. Lithos 115 (1-4), 153–162. https://doi.org/10.
1016/j.lithos.2009.11.015.

Olasolo, P., Juárez, M.C., Morales, M.P., D´Amico, S., Liarte, I.A., 2016. Enhanced geo-
thermal systems (EGS): a review. Renewable Sustainable Energy Rev. 56, 133–144.
https://doi.org/10.1016/j.rser.2015.11.031.

Olsen, M.P., Scholz, C.H., Léger, A., 1998. Healing and sealing of a simulated fault gouge
under hydrothermal conditions: implications for fault healing. J. Geophys. Res. 103
(B4), 7421. https://doi.org/10.1029/97jb03402.

Olson, J.E., 1991. Fracture Mechanics Analysis of Joints and Veins. PhD Thesis. Stanford
University, Stanford, CA.

Olson, J.E., 1993. Joint pattern development: effects of subcritical crack growth and
mechanical crack interaction. J. Geophys. Res. 98 (B7). https://doi.org/10.1029/
93JB00779. 12,251-212,265.

Olson, J.E., 2004. Predicting fracture swarms - the influence of subcritical crack growth
and the crack-tip process zone on joint spacing in rock. In: In: Cosgrove, J.W.,
Engelder, T. (Eds.), The Initiation, Propagation, and Arrest of Joints and Other
Fractures 231. Geological Society, London, pp. 73–88. https://doi.org/10.1144/gsl.
sp.2004.231.01.05.

Olson, J.E., Laubach, S.E., Lander, R.H., 2007. Combining diagenesis and mechanics to
quantify fracture aperture distributions and fracture pattern permeability. Geol. Soc.
London Spec. Publ. 270 (1), 101–116. https://doi.org/10.1144/gsl.sp.2007.270.
01.08.

Ord, A., Hobbs, B.E., Lester, D.R., 2012. The mechanics of hydrothermal systems: I. Ore
systems as chemical reactors. Ore Geol. Rev. 49, 1–44. https://doi.org/10.1016/j.
oregeorev.2012.08.003.

Pletka, B.J., Fuller Jr., E.R., Koepke, B.G., 1979. An evaluation of double-torsion testing -
experimental. In: Freiman, S.W. (Ed.), Fracture Mechanics Applied to Brittle
Materials, ASTM STP 678. American Society for Testing and Materials, pp. 19–37.
https://doi.org/10.1520/STP36622S.

Pola, A., Crosta, G.B., Fusi, N., Castellanza, R., 2014. General characterization of the
mechanical behaviour of different volcanic rocks with respect to alteration. Eng.
Geol. 169, 1–13. https://doi.org/10.1016/j.enggeo.2013.11.011.

Portier, S., Vuataz, F.-D., Nami, P., Sanjuan, B., Gérard, A., 2009. Chemical stimulation
techniques for geothermal wells: experiments on the three-well EGS system at Soultz-
sous-Forêts, France. Geothermics 38 (4), 349–359. https://doi.org/10.1016/j.
geothermics.2009.07.001.

Rijken, M.C.M., 2005. Modeling Naturally Fractured Reservoirs: From Experimental Rock
Mechanics to Flow Simulation. (Ph.D.). The University of Texas at Austin 239 pgs.

Rose, P., Xu, T., Kovac, K., Mella, M., Pruess, K., 2007. Chemical stimulation in near-
wellbore geothermal formations: silica dissolution in the presence of calcite at high
temperature and high pH. Paper Presented at the 32nd Workshop on Geothermal
Reservoir Engineering.

Rostom, F., Royne, A., Dysthe, D.K., Renard, F., 2012. Effect of fluid salinity on subcritical
crack propagation in calcite. Tectonophysics 583, 68–75. https://doi.org/10.1016/j.
tecto.2012.10.023.

Sano, O., Kudo, Y., 1992. Relation of fracture resistance to fabric for granitic rocks.
PAGEOPH 138 (4), 657–677. https://doi.org/10.1007/BF00876343.

Schmidt, R.A., 1975. Fracture-toughness testing of limestone. Paper Presented at the SESA
Spring Meeting.

Segall, P., 1984. Formation and growth of extensional fracture sets. Geol. Soc. Am. Bull.
95, 454–462. https://doi.org/10.1130/0016-7606(1984)95<454:FAGOEF>2.0.
CO;2.

Sheldon, H.A., Micklethwaite, S., 2007. Damage and permeability around faults; im-
plications for mineralization. Geology 35 (10), 903–906. https://doi.org/10.1130/
g23860a.1.

Siler, D.L., Hinz, N.H., Faulds, J.E., 2018. Stress concentrations at structural dis-
continuities in active fault zones in the western United States: implications for per-
meability and fluid flow in geothermal fields. GSA Bulletin 130 (3-4). https://doi.
org/10.1130/B31729.1.

Simmons, S.F., White, N.C., John, D.A., 2005. Geological characteristics of epithermal
precious and base metal deposits. Economic Geology 100th Anniversary Volume
485–522. https://doi.org/10.5382/AV100.16.

Siratovich, P.A., Heap, M.J., Villeneuve, M.C., Cole, J.W., Reuschle, T., 2014. Physical
property relationships of the Rotokawa Andesite, a significant geothermal reservoir
rock in the Taupo Volcanic Zone, New Zealand. Geotherm. Energy 2 (10), 31. https://
doi.org/10.1186/s40517-014-0010-4.

Sonnenthal, E., Spycher, N., Callahan, O., Cladouhos, T., Petty, S., 2012. A thermal-hy-
drological-chemical model for the enhanced geothermal system demonstration pro-
ject at Newberry volcano, Oregon. Paper Presented at the Proceedings, Thirty-
Seventh Workshop on Geothermal Reservoir Engineering. https://pangea.stanford.
edu/ERE/pdf/IGAstandard/SGW/2012/Sonnenthal.pdf.

Summers, R., Winkler, K., Byerlee, J., 1978. Permeability changes during the flow of
water through Westerly Granite at temperatures of 100°-400°C. J. Geophys. Res. 83
(B1), 339–344. https://doi.org/10.1029/JB083iB01p00339.

Takahashi, H., Abé, H., 1987. Fracture mechanics applied to hot, dry rock geothermal
energy. In: Atkinson, B.K. (Ed.), Fracture Mechanics of Rock. Academic Press,
London, pp. 241–276. https://doi.org/10.1016/B978-0-12-066266-1.50012-0.

Taron, J., Elsworth, D., 2009. Thermal-hydrologic-mechanical-chemical processes in the
evolution of engineered geothermal reservoirs. Int. J. Rock Mech. Min. Sci. 46,
855–864. https://doi.org/10.1016/j.ijrmms.2009.01.007.

Taron, J., Elsworth, D., 2010. Coupled mechanical and chemical processes in engineered
geothermal reservoirs with dynamic permeability. Int. J. Rock Mech. Min. Sci. 47 (8),
1339–1348. https://doi.org/10.1016/j.ijrmms.2010.08.021.

Tomac, I., Sauter, M., 2018. A review on challenges in the assessment of geomechanical
rock performance for deep geothermal reservoir development. Renewable
Sustainable Energy Rev. 82, 3972–3980. https://doi.org/10.1016/j.rser.2017.10.
076.

Tosdal, R.M., Dilles, J.H., Cooke, D.R., 2009. From source to sinks in auriferous

O.A. Callahan, et al. Geothermics 83 (2020) 101724

13

https://doi.org/10.1016/j.jvolgeores.2015.02.012
https://doi.org/10.5382/Rev.01
https://doi.org/10.5382/Rev.01
https://doi.org/10.1016/0012-8252(83)90075-2
https://doi.org/10.1029/2000GL011918
https://doi.org/10.1029/2000GL011918
https://doi.org/10.1111/gfl.12113
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0310
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0310
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0310
https://doi.org/10.1016/j.ijrmms.2006.07.009
https://doi.org/10.1016/j.enggeo.2014.10.011
https://doi.org/10.1016/j.geothermics.2017.11.014
https://doi.org/10.1016/j.geothermics.2017.11.014
https://doi.org/10.1016/0148-9062(93)90104-L
https://doi.org/10.1016/0148-9062(93)90104-L
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0335
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0335
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0335
https://doi.org/10.1029/92JB01828
https://doi.org/10.1126/science.260.5105.192
https://doi.org/10.1016/j.rser.2017.06.097
https://doi.org/10.1016/j.epsl.2018.07.013
https://doi.org/10.1016/j.ijrmms.2014.07.011
https://doi.org/10.1016/j.ijrmms.2014.07.011
https://doi.org/10.1016/0031-9201(85)90113-X
https://doi.org/10.1038/295511a0
https://doi.org/10.1016/j.jsg.2008.11.016
https://doi.org/10.1016/j.jvolgeores.2018.09.012
https://doi.org/10.1016/j.jvolgeores.2018.09.012
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0385
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0385
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0385
https://doi.org/10.1029/2000jb000010
https://doi.org/10.1016/j.ijrmms.2005.02.001
https://doi.org/10.1016/j.ijrmms.2005.02.001
https://doi.org/10.1016/j.tecto.2017.04.008
https://doi.org/10.1016/j.tecto.2017.04.008
https://doi.org/10.1016/j.ijsolstr.2012.05.009
https://doi.org/10.1016/j.ijsolstr.2012.05.009
https://doi.org/10.1016/j.enggeo.2014.06.018
https://doi.org/10.1093/gji/ggs116
https://doi.org/10.1007/s00024-009-0476-3
https://doi.org/10.1016/j.lithos.2009.11.015
https://doi.org/10.1016/j.lithos.2009.11.015
https://doi.org/10.1016/j.rser.2015.11.031
https://doi.org/10.1029/97jb03402
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0440
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0440
https://doi.org/10.1029/93JB00779
https://doi.org/10.1029/93JB00779
https://doi.org/10.1144/gsl.sp.2004.231.01.05
https://doi.org/10.1144/gsl.sp.2004.231.01.05
https://doi.org/10.1144/gsl.sp.2007.270.01.08
https://doi.org/10.1144/gsl.sp.2007.270.01.08
https://doi.org/10.1016/j.oregeorev.2012.08.003
https://doi.org/10.1016/j.oregeorev.2012.08.003
https://doi.org/10.1520/STP36622S
https://doi.org/10.1016/j.enggeo.2013.11.011
https://doi.org/10.1016/j.geothermics.2009.07.001
https://doi.org/10.1016/j.geothermics.2009.07.001
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0480
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0480
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0485
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0485
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0485
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0485
https://doi.org/10.1016/j.tecto.2012.10.023
https://doi.org/10.1016/j.tecto.2012.10.023
https://doi.org/10.1007/BF00876343
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0500
http://refhub.elsevier.com/S0375-6505(18)30295-5/sbref0500
https://doi.org/10.1130/0016-7606(1984)95<454:FAGOEF>2.0.CO;2
https://doi.org/10.1130/0016-7606(1984)95<454:FAGOEF>2.0.CO;2
https://doi.org/10.1130/g23860a.1
https://doi.org/10.1130/g23860a.1
https://doi.org/10.1130/B31729.1
https://doi.org/10.1130/B31729.1
https://doi.org/10.5382/AV100.16
https://doi.org/10.1186/s40517-014-0010-4
https://doi.org/10.1186/s40517-014-0010-4
https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2012/Sonnenthal.pdf
https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2012/Sonnenthal.pdf
https://doi.org/10.1029/JB083iB01p00339
https://doi.org/10.1016/B978-0-12-066266-1.50012-0
https://doi.org/10.1016/j.ijrmms.2009.01.007
https://doi.org/10.1016/j.ijrmms.2010.08.021
https://doi.org/10.1016/j.rser.2017.10.076
https://doi.org/10.1016/j.rser.2017.10.076


magmatic-hydrothermal porphyry and epithermal deposits. Elements 5 (5), 289–295.
https://doi.org/10.2113/gselements.5.5.289.

Vikre, P.G., 1993. Gold mineralization and fault evolution at the Dixie Comstock Mine,
Churchill County, Nevada. Econ. Geol. 89 (4), 707–719. https://doi.org/10.2113/
gsecongeo.89.4.707.

Waza, T., Kurita, K., Mizutani, H., 1980. The effect of water on the subcritical crack
growth in silicate rocks. Tectonophysics 67, 25–34. https://doi.org/10.1016/0040-
1951(80)90162-6.

White, M.D., et al., 2016. Benchmark Problems of the Geothermal Technologies Office
Code Comparison Study. Pacific Northwest National Laboratory, Richland, WA: US
Department of Energyhttps://doi.org/10.2172/1337724.

White, N.C., Hedenquist, J.W., 1990. Epithermal environments and styles of miner-
alization: variations and their causes, and guidelines for exploration. J. Geochem.
Explor. 36, 445–474. https://doi.org/10.2113/gsecongeo.80.6.1640.

Wiederhorn, S., 1967. Influence of water vapor on crack propagation in soda-lime glass. J
Am Cream Soc 50, 407–414. https://doi.org/10.1111/j.1151-2916.1967.tb15145.x.

Wiederhorn, S., Johnson, H., 1973. Effect of electrolyte pH on crack propagation in glass.
J. Am. Ceram. Soc. 56, 192–197. https://doi.org/10.1111/j.1151-2916.1973.
tb12454.x.

Wiederhorn, S.M., 1974. Subcritical crack growth in ceramics. In: In: Bradt, R.C.,
Hasselman, D.P.H., Lange, F.F. (Eds.), Fracture Mechanics of Ceramics Vol. 2. Plenum
Press, New York, pp. 549–580. https://doi.org/10.1007/978-1-4615-7014-1_12.

Williams, D.P., Evans, A.G., 1973. A simple method for studying slow crack growth.
JTEVA 1 (4), 264–270. https://doi.org/10.1520/JTE10015J.

Wong, L., Maruvanchery, V., Liu, G., 2016. Water effects on rock strength and stiffness
degradation. Acta Geotech. 11, 713–737. https://doi.org/10.1007/s11440-015-
0407-7.

Wong, T., Zhu, W., 1999. Brittle faulting and permeability evolution: hydromechanical
measurement, microstructural observation, and network modeling. In: Haneberg,
W.C., Mozley, P.S., Moore, J.C., Goodwin, L.B. (Eds.), Faults and Subsurface Fluid
Flow in the Shallow Crust. American Geophysical Union, Washington, DC, pp.
83–100. https://doi.org/10.1029/GM113p0083.

Wyering, L.D., Villeneuve, M.C., Wallis, I.C., Siratovich, P.A., Kennedy, B.M., Gravley,
D.M., Cant, J.L., 2014. Mechanical and physical properties of hydrothermally altered
rocks, Taupo Volcanic Zone, New Zealand. J. Volcanol. Geotherm. Res. 288, 76–93.
https://doi.org/10.1016/j.jvolgeores.2014.10.008.

Zang, A., Yoon, J.S., Stephansson, O., Heidbach, O., 2013. Fatigue hydraulic fracturing by
cyclic reservoir treatment enhances permeability and reduces induced seismicity.
Geophys. J. Int. 195 (2), 1282–1287. https://doi.org/10.1093/gji/ggt301.

Zimmermann, G., Blöcher, G., Reinicke, A., Brandt, W., 2011. Rock specific hydraulic
fracturing and matrix acidizing to enhance a geothermal system — concepts and field
results. Tectonophysics 503 (1–2), 146–154. https://doi.org/10.1016/j.tecto.2010.
09.026.

O.A. Callahan, et al. Geothermics 83 (2020) 101724

14

https://doi.org/10.2113/gselements.5.5.289
https://doi.org/10.2113/gsecongeo.89.4.707
https://doi.org/10.2113/gsecongeo.89.4.707
https://doi.org/10.1016/0040-1951(80)90162-6
https://doi.org/10.1016/0040-1951(80)90162-6
https://doi.org/10.2172/1337724
https://doi.org/10.2113/gsecongeo.80.6.1640
https://doi.org/10.1111/j.1151-2916.1967.tb15145.x
https://doi.org/10.1111/j.1151-2916.1973.tb12454.x
https://doi.org/10.1111/j.1151-2916.1973.tb12454.x
https://doi.org/10.1007/978-1-4615-7014-1_12
https://doi.org/10.1520/JTE10015J
https://doi.org/10.1007/s11440-015-0407-7
https://doi.org/10.1007/s11440-015-0407-7
https://doi.org/10.1029/GM113p0083
https://doi.org/10.1016/j.jvolgeores.2014.10.008
https://doi.org/10.1093/gji/ggt301
https://doi.org/10.1016/j.tecto.2010.09.026
https://doi.org/10.1016/j.tecto.2010.09.026

	Experimental investigation of chemically aided fracture growth in silicified fault rocks
	Introduction
	Sample materials
	Double-torsion load-relaxation testing
	Double-torsion load-relaxation method
	Testing conditions

	Experimental results
	SCI and KIC* values in different testing environments
	K–V curves and fracture propagation velocity

	Discussion
	Physiochemical effects and mechanisms
	Water vs. Ambient air conditions
	Effect of changing pH
	Effect of increased salinity
	Effect of increased temperature
	Summary of subcritical fracture growth behavior in silicified fault rocks

	Feedback between physiochemical condition and fracture processes in hydrothermal systems
	Implications for operating geothermal fields

	Conclusions
	Data availability
	mk:H1_20
	Acknowledgments
	References




