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ABSTRACT 

Fracture healing is a critical component of enhanced geothermal systems, the earthquake cycle, and induced seismicity. Accordingly, 

there is significant interest in understanding the process of healing and its effects on fluid transport. The creation, reactivation, and 
sustainability of fracture networks depend on complex coupling among thermal, hy draulic, mechanical, and chemical processes. We 

performed laboratory slide-hold-slide experiments, at temperatures from 22 to 200 ˚C, to examine effects of fracture reactivation and 

quasi-static loading on the evolution of fluid transport properties of simulated fractures in Westerly granite. At all temperatures, the in-

plane hydraulic transmissivity consistently decays during hold periods resulting in an overall reduction in transmissivity. During the first 

3 to 15 hours of an experiment, transmissivity decreases rapidly due to the generation of wear products, development of a sliding surface, 
and compaction of the resulting gouge. Once the sliding surface has developed, the long-term transmissivity decay rate at 22 and 100 ˚C 

is significantly lower than the transmissivity decay rate during the initial 3 to 7 hours of the experiment. However, at 200 °C, the decay 

of hydraulic transmissivity  remains high throughout the experiment. The long-term decay of hydraulic transmissivity  can be fitted with a 

power law model with more rapid reduction of hydraulic transmissivity at higher temperature. Periods of sliding on the fracture surface 

result in transient increases in the transmissivity, due to shear dilation, as is expected for Coulomb materials. These transients  are 
superimposed on the long-term decay. When sliding ceases and a new hold period commences, there is a rapid reduction in transmissivity  

and return to the long-term rate of transmissivity decay. The rate of decay of the transmissivity transients is inversely proportional to 

temperature, in contrast to the long-term decay and the expected behavior for processes like subcritical crack growth and indentation 

creep. The higher decay rates that are observed during the initial 3 to 15 hours of the tests and following sliding, are associated with times 

that the porosity of the gouge is expected to be high. The difference in decay rates suggests that when the gouge is driven far from 

equilibrium by active shearing, densification may be dominated by a different mechanism from long-term compaction. 

1. INTRODUCTION  

The presence of large-scale fracture networks in the upper crust is critical to the success of enhanced geothermal system (EGS) reservoirs. 

Whether naturally occurring or created, fracture systems gradually seal over time leading to reduced fluid flow (Kitagawa et al., 2002; 
Manga et al., 2012; Xue et al., 2013), affecting the productivity and longevity of geothermal reservoirs. Fluid flow can be enhanced by 

reactivation of faults within a reservoir (e.g., Hickman et al., 1998; Chabora et al., 2012; Plummer et al., 2016), but while shear stimulation 

methods are generally effective at increasing fluid flow in EGS, the magnitude of the enhancement and its persistence over time, especially 

at elevated temperatures and in the presence of chemical disequilibrium, are poorly understood.  

The evolution of the fluid transport properties of fractures has been examined in laboratory experiments. Many of these studies focus on 
how the fluid transport properties evolve in static fractures at different temperatures (25 to 500 ˚C), quantifying the rates of permeability 

decay over time (Moore et al., 1994; Morrow et al., 2001; Polak et al; 2003; Farough et al., 2016). These studies indicate that permeability 

reduction at elevated temperature is primarily the result of solution-transfer processes, with rock dissolution at asperities reducing the 

fracture aperture and secondary mineral precipitation filling pores. Other studies have examined the effect of shearing on the evolution of 

fluid transport properties for bare-surface (Zhang and Tullis, 1998; Fang et al., 2017; Im et al., 2018, 2019; Acosta et al., 2022) and gouge-
filled (Olsen et al., 1998; Zhang and Tullis, 1998; Zhang et al., 1999; Crawford et al, 2008; Faulkner et al., 2018) fractures. Some of these 

studies examined how permeability evolves with continuous shear displacement at room temperature, showing that there is an initial 

drastic reduction in permeability with the onset of shearing due to grain crushing (Zhang and Tullis, 1998). With continued shearing the 

permeability continues to decrease due to a combination of grain crushing and shear localization but the rate of permeability  reduction 

slows (Zhang and Tullis, 1998). Other experiments at room temperature examined the evolution of fluid transport in fractures during 
cyclic periods of shearing and quasi-static holds. These studies found that permeability decays continuously during hold periods due to 

compaction, but when shear deformation resumes permeability often increased due to shear dilation. The magnitude of permeability gain 

increases with duration of the preceding hold period (Im et al., 2019).  

Relatively little work has sought to examine the interplay between fluid transport properties and mechanical shearing at elevated 

temperatures where complex interactions among mechanical, hydraulic, chemical, and thermal processes will affect how fracture 
properties evolve. Tenthorey et al. (2003) acquired periodic permeability measurements in fractured sample of Fontainebleau sandstone 

during an experiment at 927 ˚C. Permeability decreases continuously with time during a 12 hour hold but no measurements were acquired 

while the fracture was being sheared. Olsen et al. (1998) continuously recorded permeability in a gouge composed of a mixture of quartz 

and labradorite at temperatures of 25 to 250 ˚C during both periods of shearing and holding. They observed little to no change in 

permeability at temperatures < 100 ˚C but saw a clear decrease in permeability at temperatures ≥ 200 ˚C.  Slight increases in permeability 
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accompanied shearing but the amount of increase was independent of the duration of the preceding hold period, in contrast to tests at room 

temperature.  

Understanding the evolution of fluid transport properties in shear fractures at elevated temperatures , representative of enhanced 

geothermal systems (EGS) is required to create the most efficient and sustainable EGS reservoirs and model their performance over time. 

To this end, we present the results of experiments examining the combined effect of temperature and shear deformation on the evolution 

of hydraulic transmissivity in simulated, initially bare-surface, fractures in Westerly granite at hydrothermal conditions.  

2. METHODS 

Along-fault flow-through experiments were conducted using 25.4 mm diameter cylindrical samples of Westerly granite (~ 61 mm long) 

cut at a 30˚ angle relative to the sample axis. The cut surfaces were ground flat and roughened with #240 grit sandpaper to attain similar 

starting surfaces with an RMS roughness of ~ 4 μm. Offset boreholes (2.38 mm-diameter) drilled into each sample half provide fluid 

access to the simulated fracture surface.  

Experiments were performed in the conventional triaxial configuration used in frictional shearing experiments (Figure 1). The triaxial 

apparatus is internally heated and uses argon gas as the confining medium. Samples were jacketed against the confining medium using 

lead tubes with a 1.0 mm wall thickness. A constant confining pressure of 30 MPa was applied, and an external load cell was used to 

measure the axial load with a precision of 0.1 MPa. In all tests, the sample and pore pressure system were evacuated before application of 

confining pressure. Deionized water was then introduced, and pore pressure was generally fixed at 11 MPa at the inlet at the top of the 
sample and at 9 MPa at the outlet on the bottom. However, in some experiments, especially early in the tests, the permeability was too 

high for the pore pressure pump to produce this gradient resulting in a lower pore pressure differential. In high-temperature experiments, 

a resistance heater was placed around the sample assembly inside the pressure vessel. Calibration tests define the temperature profile 

produced by the heater and alumina spacers are sized so that the middle of the rock sample was positioned at the peak temperature. The 

temperature at either end of the sawcut was 2.3 % lower than the temperature at the middle. The temperature was raised over a period of 
40 to 60 minutes and was monitored by a thermocouple inserted through the borehole to the top of the granite sample. During the 

experiment the temperature was typically maintained to within ± 0.5 ̊ C with occasional fluctuations up to ± 2 ̊ C. The piston was advanced 

at a rate of 1 μm/s for 0.9 mm of axial displacement then the rate was decreased to 0.1 μm/s for an additional 0.1 mm of disp lacement, 

corresponding to ~ 0.97 mm of shear displacement on the sawcut surface. During this initial sliding interval, a thin layer of ultrafine gouge 

develops (e.g., Lockner et al., 2017). The piston position was then fixed for a predetermined interval of time before sliding resumed at a 
rate of 0.1 μm/s for 0.25 mm of axial displacement. This sequence of slide and hold periods continued in a similar manner, with holds, 

ranging in duration from 100 to 500,000 s (~ 5.8 days) and occurring after every 0.25 mm of axial displacement. A greased Teflon shim, 

placed between the sample assembly and the piston, accommodates the lateral slip of the lower half of the sample. 

 

Figure 1. Schematic of the triaxial apparatus and sample geometry used in this study. Figure not to scale. Black arrow indicates 

the loading direction.  

The change in fluid volume in the pore pressure pumps was recorded continuously and used to determine the average flow rate over 15-

minute intervals. Because this flow rate was based on the volume of water at room temperature, it is adjusted for flow through the heated 

sample by  
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 𝑄𝑇 = 𝑄22˚ (
𝑉𝑇

𝑉22˚
⁄ )           (1) 

Where Q is the volumetric flow rate and V is the specific volume of water with the subscript denoting the temperature in degrees Celsius 

(Morrow et al., 2001). The lower limit for flow-rate measurements in the system is 1x10-8 ml/s.  

For a fracture-dominated system, the measured flow rate is affected by the fracture aperture which we do not measure directly. For this 

reason, we define hydraulic transmissivity  () of the fracture, which we define as the product of permeability (k) and fracture aperture (a) 

with units of m3. This definition of hydraulic transmissivity is commonly used in laboratory studies (e.g., Zimmerman and Bodvarsson, 

1996), but is different than the definition of hydraulic transmissivity  used in groundwater hydrology which is defined as the product of 

hydraulic conductivity and aperture with units of m2/s (Hantush, 1964). Calculating the hydraulic transmissivity  of the fracture is 

complicated by the elliptical geometry of the sawcut surface and the use of boreholes as fluid entry and exit points. Thus, we scribed 
grooves in the fracture surface (as described below) to facilitate plane-parallel flow and used a rectangular approximation, where a constant 

fracture width with parallel flow is assumed and hydraulic transmissivity  (𝜅∥) is estimated based on Darcy’s law (e.g., Zimmerman and 

Bodvarsson, 1996): 

𝜅∥ =
𝑣𝑓𝑄𝑇𝐿

𝑤∆𝑃⁄             (2) 

where v f is the dynamic viscosity of water at the experiment temperature (0.135 cP at 200 ˚C), L is the distance between the boreholes, 

which decreases with increasing shear displacement, 𝛥P is the pore pressure differential across the boreholes, and w is the width of 

the fracture. In our experiments a groove was scribed onto each sawcut surface, intersecting the boreholes perpendicular to the long axis  
of the sample. The groove length is used for w. In our initial experiments, the groove length was only 6-7 mm long but in E35 this length 

was increased to 16 mm. As the flow paths in the elliptical fracture are not truly parallel, even with the inscribed grooves, this approach 

overestimates the true hydraulic transmissivity (𝜅true). We have run some preliminary finite-difference simulations using the actual sample 

geometry which indicate that true transmissivity is 𝜅𝑡𝑟𝑢𝑒 ≅ 𝜅∥/3. In E35, the longer groove promotes flow paths that are closer to parallel, 

in which case 𝜅𝑡𝑟𝑢𝑒 ≅ 𝜅∥/1.5. In the following analysis, we used these relations to estimate the true hydraulic transmissivity. However, 

since we are primarily interested in loss rate of transmissivity , which only depends on relative changes in , sample geometry should not 

have a significant impact on our analysis. 

3. RESULTS 

Figure 2 shows the evolution of hydraulic transmissivity during five experiments at three different temperatures (22, 100, and 200 ̊ C) that 
lasted up to 16 days (Jeppson et al., 2023). In experiments E20 and E35 an initial hydraulic transmissivity for the unheated and unsheared 

fracture was measured and found to be 3x10-16 and 8x10-18 m3, respectively.  After 30 minutes at temperature and ~ 0.97 mm of shear 

displacement, the hydraulic transmissivity had dropped to 1x10-19 and 2x10-19 m3, respectively. Hydraulic transmissivity decreases rapidly 

at all temperatures through the initial sequence of slides and holds. However, after 3 hours at 22 ˚C and 7 hours at 100 ˚C (corresponding 

to 1.7 and 2.1 mm of shear displacement) the rate of hydraulic transmissivity decrease slows.  Subsequently, hydraulic transmissivity 
decreases at a slower and relatively uniform rate, interrupted only by transient increases in transmissivity that accompany shear. When 

the hydraulic transmissivity data are plotted on a log-log scale (Figure 2b) the transition in rate of reduction is clear. However, at 200 ˚C 

both the initial (< 15 hours, corresponding to 2.4 mm of shear displacement) and longer-term decay follow approximately the same trend 

(Figure 2b). The long-term rate of hydraulic transmissivity decrease can be quantified by a power-law equation of the form:  

𝜅 = 𝐴𝑡−𝑅            (3) 

where A is a constant, t is time, and the exponent, R, is the power law rate used to quantify the transmissivity loss rate. The long-term loss 

rate is positively correlated with temperature, with an average R-value of 0.15, 0.24, and 0.63 at 22, 100, and 200 ˚C, respectively. At 22 

and 100 ˚C there is about an order of magnitude reduction in the heated transmissivity over the course of the experiments; but, at 200 ˚C 

the final transmissivity is roughly two orders of magnitude below the initial heated value.  

Superimposed on the long-term decay curve are transient increases in hydraulic transmissivity associated with sliding periods that occurred 

during the experiments. The increased transmissivity is followed by rapid decay and eventual return to the background long-term decay 

curve. During the first 3 to 7 hours (10,800 and 25,200 s) of the experiments clear increases in hydraulic transmissivity associated with 

sliding are not observed. Subtracting the long-term decay curve from the hydraulic transmissivity data highlights the transient behavior 

(Figure 3a). The decay of these residuals appears to be best described by an exponential decay model of the form: 

 𝜅𝑅 = 𝐶𝑒−𝑅𝑒𝑡           (4) 

where 𝜅R is the residual of hydraulic transmissivity after removal of the long-term decay curve, C is a constant, and Re is the 

exponential decay rate. In contrast to the long-term decay rates (Figure 2), the rate at which the transients decay exhibits a negative 

correlation with temperature (Figure 3b).  
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Figure 2. Evolution of hydraulic transmissivity with time, shown on a (a) log-linear and (b) log-log scale. Zero time marks the 

start of axial displacement. Flow-through experiments were conducted at 22 ̊ C (blue circles), 100 ̊ C (black triangles), and 

200 ˚C (orange triangles). The long-term rate of transmissivity reduction is quantified by fitting a power law model (Eqn. 

3, dashed lines). Vertical gray bars indicate sliding periods that commonly produce increases in transmissivity. Red box 

shows the time interval of the data shown in Figure 3a. Experiment E19 followed a different sequence of slides and holds 

than the other experiments shown but is included here to show the initial rapid decrease in hydraulic transmissivity.  

We quantify the recovery (𝛾) of hydraulic transmissivity associated with the sliding periods as: 

𝛾 =
𝜅𝑠𝑙𝑖𝑑𝑒
𝜅ℎ𝑜𝑙𝑑

           (5) 

where 𝜅slide is the maximum transmissivity during the sliding period and 𝜅hold is the transmissivity at the end of the preceding hold. 
This definition yields 𝛾=1 when there is no change is transmissivity. The amount of recovery that occurs generally increases with 
duration of the previous hold period (Figure 4) and is similar at all temperatures for hold durations of less than 1x104 s. For longer 
holds, recovery is greater at 100 ˚C than at 22 ˚C. The magnitude of recovery at 200 ˚C is split, with data acquired during the initial 52 
hours (log(t) = 5.3; color scale in figure 4a) of both 200 ˚C experiments following the 100 ˚C trend and those from more than 52 hours 

(E20 only) following the 22 ˚C trend.  

3.1 Microstructures 

The sawcut surfaces of an experiment conducted at 200 ˚C were characterized using a scanning electron microscope (SEM). This sample 

had been removed from the triaxial vessel after 0.97 mm of slip followed by a 1.43x105 s hold period with no additional shearing. The 
surfaces have abrasive wear features such as slicken lines and gouge (Figure 5a). Evidence of dissolution is present in the form of curved 

grain boundaries and wide cracks on many plagioclase grains (Figure 5b) as well as possible etching and pitting of grains (Figure 5c). The 

presence of fibrous minerals with elevated aluminum concentration (based on energy dispersive spectroscopy) on some grains shows that 

precipitation of secondary minerals is also occurring (Figure 5d), mostly near the outlet borehole.   



Jeppson et al. 

 5 

 

Figure 3. (a) Residual transmissivity after removal of the long-term decay trend at the beginning of the 5x105 s hold indicated by 
the red box on Figure 2 at 22 ˚C (blue), 100 ˚C (black), and 200 ˚C (orange). The short-term decay in transmissivity at the 

beginning of each hold follows an exponential decay curve (Eqn. 4, dashed lines). The exponential decay rate (b) exhibits a 

negative correlation with temperature. The first sequence of holds, conducted at experiment times less than 6.8x105 s, are 

indicated by x’s while later holds are indicated by circles. As the first sequence of holds was conducted during the initial 

rapid decrease in transmissivity, which may influence the documented decay rate, the decay rates associated with the later 

holds are likely more representative.  

4. DISCUSSION 

At all temperatures examined in this study we consistently observe an overall decrease in hydraulic transmissivity with time during slide-

hold tests (Figure 2), and the highest reduction rates occur during the initial 3 to 15 hours (10,800 to 54,000 s) of an experiment (Figure 

2). The initial rapid loss of transmissivity is consistent with previous room temperature laboratory sliding experiments on Coulomb 
materials (Crawford et al., 2008; Faulkner et al., 2018; Im et al., 2018, 2019) and reflects the effects of mechanical processes such as 

shearing of surface asperities and development and comminution of wear products. The transition to a slower loss rate at long time scales  

is consistent with observations that the rate of porosity and permeability reduction in gouges slows with increasing shear st rain (Crawford 

et al., 2008). The timing of the transition may reflect the time required for the generated wear products to achieve the “ideal” gouge fractal 

distribution (Biegel et al., 1989) and/or shear localization (Marone and Kilgore, 1993; Zhang and Tullis, 1998; Scuderi et al., 2017). 
Further slip then results in relatively little additional comminution (Mair and Abe, 2008, 2011) and any further reductions in transmissivity 

must occur through other means. The positive correlation between the long-term loss rate and temperature in our experiments (Figure 2b) 

is consistent with thermally activated hydrothermal processes such as pressure solution at grain-to-grain contacts (de Boer, 1977; Tada 

and Siever, 1989), stress corrosion cracking (Meredith and Atkinson, 1985; Schutjens, 1991; Heap et al., 2009), and mineral precipitation 

(Moore et al., 1994). At room temperature, the dissolution rate of quartz in deionized water is very slow (van Lier et al., 1960), making it 
unlikely that pressure solution and mineral precipitation are causing the long-term reduction observed in our experiments at 22 ˚C, so this 

reduction may be due to compaction driven by stress corrosion cracking at grain-to-grain contacts. Work by Yasuhara and Elsworth (2008) 

indicates that compaction via stress corrosion will occur at significantly faster rates than compaction due to pressure solution for 

temperatures up to at least 150 ˚C. It is therefore possible that the decay at 100 ˚C is also due to stress corrosion. In room-temperature 

experiments on Green River shale similar to those we present here, Im et al. (2019) reported a similar power law decay in permeability 
with power exponents of ~0.2 to 0.4, comparable to the range of power exponents we find at 22 and 100 ˚C. Im et al. (2019) also concluded 

that the reduction in permeability was due to stress corrosion. The increased rate of decay at 200 ˚C in our experiments may also reflect  

the effects of stress corrosion, as the yield strength of granular quartz powders under comparable hydrothermal conditions decreases with 

increasing temperature (Karner et al., 2008). However, the SEM images (Figure 5) show that dissolution and mineral precipitation are 

also occurring in our experiments. The greater reduction in hydraulic transmissivity at 200 ˚C may thus be the result of compaction, due 
to stress corrosion cracking aided by intergranular pressure solution (e.g., Yasuhara and Elsworth, 2004; 2008), as well as precipitation 

sealing (e.g., Olsen et al., 1998). The high aluminum concentration in the secondary mineral precipitates observed after a slide-hold 

experiment at 200 ˚C (Figure 5d) may indicate the development of kaolinite, which could further enhance the rate of transmissivity 

reduction by partially obstructing fluid-flow pathways.  
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Figure 4. Recovery of hydraulic transmissivity versus hold duration. Colors indicate (a) experiment time and (b) residence time 

(amount of time the pore fluid is in contact with the rock). Recovery is similar at all temperature for hold durations less 

than 1x104 s but diverges for longer hold periods. Recovery is lower when residence time is greater than ~ 30 minutes (log(t) 

= 3.3).   

The inverse relationship between the transient transmissivity decay rate and temperature immediately following sliding (Figure 3) is 

surprising. The increase in hydraulic transmissivity that occurs during the sliding is due to shear dilation (Ryan et al., 2018; Im et al.,  

2019), but when shear halts, it was expected that the thin gouge layer would compact via the processes discussed in the previous paragrap h, 

and the rate would exhibit a positive correlation with temperature. That the opposite relation occurs suggests that a different process may 
be affecting the transient decay of hydraulic transmissivity . This inverse relationship between decay rate and temperature is also suggested 

by the timing of the transition from initial rapid decay to the slower long-term decay observed in Figure 2, which occurs after 3 hours at 

22 ˚C and after 15 hours at 200 ˚C. A possible explanation is that the short time scale transient decays early in each experiment are due to 

dominantly mechanical processes (i.e., comminution, compaction), with a transition to chemo-mechanical processes at longer total elapsed 

times. Alternatively, as porosity is higher immediately following the end of sliding than it is later in the hold period, the difference in the 
decay behavior may indicate that mechanisms controlling the long-term behavior depend on the porosity, or mechanical equilibrium, of 

the gouge layer.  

The recovery of hydraulic transmissivity that occurs with the onset of shearing is expected based on previous experiments at room 

temperature (Im et al., 2018, 2019). In those studies, the magnitude of recovery also increased with duration of the preceding hold period 

(Im et al., 2019). Olsen et al. (1998) did measure increases in permeability during sliding at hydrothermal conditions, but the magnitude 
of increase was not correlated with hold duration. The experiments in the current study and those of Im et al. (2019) were conducted on 

initially bare surface fractures, which develop a thin layer of very fine gouge, while Olsen et al.’s (1998) experiments were conducted on 

thick (3.5 mm) layers composed of coarse-grained (210-500 𝜇m particle diameter) gouge. This coarser and thicker gouge may not have 

achieved mechanical equilibrium (Biegel et al., 1989; Zhang and Tullis, 1998) or chemical equilibrium with the pore fluid (Porter and 

James, 1986), which may explain why Olsen et al. (1998) did not find a correlation between permeability recovery and hold duration.  

Assuming the higher rates of long-term hydraulic transmissivity reduction at elevated temperatures indicates greater fluid-assisted 
compaction and precipitation sealing during the hold periods, then the lower magnitude of recovery at 22 ˚C than at 100 ˚C would be 

expected if recovery is also controlled by pre-slip compaction and sealing (Im et al., 2018, 2019). However, the two different trends in 

recovery at 200 ˚C are not fully consistent with this hypothesis because the greatest reduction in transmissivity, and by inference sealing, 

is observed at 200 ˚C but not the greatest magnitude of recovery. Recovery at 200 ˚C is correlated with both hold duration and the amount 

of time the experiment has been running. As the flow rate is also decreasing the longer the experiment is running, recovery is 
correspondingly correlated with the amount of time the pore fluid has been in contact with the rock ( i.e. residence time) (Figure 4b). 
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Greater magnitudes of hydraulic transmissivity recovery are observed at 200 ˚C when the residence time is less than 2,000 s (log(residence 
time) = 3.3 or ~ 30 minutes). The correlation with residence time suggests that the difference in recovery may be tied to the degree of 

disequilibrium between the pore fluid and rock. The time required to approach chemical equilibrium at a given temperature depends on 

the grain size (ie, surface area) and thickness of the gouge (Porter and James, 1986). For a pure quartz system composed of a 10 𝜇m thick 

layer of 1 𝜇m diameter gouge particles covering the fracture surface the pore fluid and rock should approach chemical equilibrium after 

about 30 minutes at 200 ̊ C (Rimstidt and Barnes, 1980). The higher recovery of transmissivity associated with lower fluid residence times 

(< 30 minutes) at 200 ˚C (Figure 4b, experiment E20) may thus result from increased dissolution during the hold period. As the system 

approaches chemical equilibrium, the rate of dissolution and magnitude of recovery would decrease. It would take about 1 hour to approach 

chemical equilibrium at 100 ˚C, and since the residence times during experiment E35 are always less than 1 hour the recovery rate for that 
experiment should be particularly rapid, as observed (Figure 4b). At 22 ˚C it would take much longer to reach chemical equilibrium (> 80 

hrs), but dissolution would likely be so slow at 22 ˚C that it might not have a significant impact at the time scales of the experiment, 

leading to low recovery regardless of chemical equilibration times.  

 

Figure 5. Scanning electron microscope (SEM) photomicrographs showing sawcut surface after 0.97 mm of slip and a 1.43x105 s 

hold at 200 ̊ C. (a) The surface shows abrasive wear features such as slicken l ines (white dashed lines) and ultrafine-grained 
gouge. White dashed lines indicate orientation of slicken lines. Evidence of dissolution is present in the form of (b) rounded 

grain surfaces and widened cracks on many plagioclase grains, as well as possible (c) etching and pitting of grains. (d) 

Secondary fibrous mineral precipitation on a quartz grain. The largest example of this mineral is circled but smaller 

growths cover most of the grain surface. Plagioclase = pg, Quartz = qtz, biotite = bt.  
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5. CONCLUSIONS  

We have presented the results of experiments showing how hydraulic transmissivity evolves over a series of slide and hold per iods at 

temperatures ranging from 22 to 200 ̊ C. During the hold periods, transmissivity decreases leading to an overall reduction in transmissivity 

over the course of the experiments. The long-term reduction follows a power law decay with an exponent that increases in magnitude with 

increasing temperature. Superimposed on the long-term decay curve are transient increases in hydraulic transmissivity. These increases  

occur due to shear dilation during the sliding periods and the magnitude of transmissivity recovery appears to be related to both hold 
duration and the degree of chemical disequilibrium between the pore fluid and the rock. When sliding is halted, these increases in hydraulic 

transmissivity decay rapidly during the subsequent hold period, following an exponential decay, but the rate of decay is negatively 

correlated with temperature. These preliminary results suggest that when the gouge along shear fractures in geothermal systems is far 

from mechanical and chemical equilibrium (e.g., due to continuing grain size reduction and shear dilatation), initial reductions in fracture 

hydraulic transmissivity may be dominated by a different mechanism from the long-term compaction mechanism.  
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