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ABSTRACT 

Geologic structures at the surface such as 

fault tips, intersections, and fault relays are known to 

concentrate stress that can promote increased fracture 

density or reactivation in response to fault slip that 

facilitate fluid flow. The stress state driving slip 

determines where along the fault slip occurs that will 

induce deformation in the adjacent rock volume to 

promote or inhibit fracture formation or reactivation. 

Unfortunately, both the geometry and stress state 

have significant uncertainties that will impact the 

usefulness of this information in prospecting for 

geothermal resources, developing a reservoir model, 

distinguishing between competing models, or 

quantifying the probability of model validity. The 

impact of these uncertainties on the reservoir model 

can be quantitatively evaluated through efficient 

numerical modeling that iteratively explores the 

range of uncertainty in the controlling parameter 

space. The boundary element method is used to 

model fault slip (or opening) and calculate 

stress/strain variation.  

The Rhyolite Ridge fault system located at 

the Desert Peak Geothermal Field in Nevada is 

modeled in this study as an example of a blind 

geothermal field associated with a geometrically 

complex fault, which is poorly constrained at depth. 

We explore the impact of that uncertainty to better 

constrain the fault geometry at depth, evaluate the 

impact of uncertainty in tectonic stresses predictions 

of deformation, and thus the predicted pattern of 

fracture slip and formation. We find that the level of 

uncertainty in fault geometry leads to a high degree 

of variability in the locations experiencing stress 

states that promote fracture. But for instance, only a 

narrow subset of fault heights and dips approach the 

observed stress state in well DP27-15. In addition, 

the most stable stress concentrations occur within 

relays between unconnected fault segments.  

INTRODUCTION 

In many cases, geothermal systems in the 

Basin and Range tectonic province have no surface 

expression that reveals the resource or that can guide 

the development of reservoirs. Even in developed 

reservoirs, key information about the subsurface 

structure controlling heat/fluid flow can be missing. 

Determining zones ideal for geothermal production 

can thus be difficult in the absence of hot springs at 

the surface, or thermal anomalies either evident at the 

surface (e.g., Coolbaugh et al., 2007) or from existing 

boreholes. In addition, these approaches to 

geothermal exploration and development of reservoir 

models are costly and time consuming, and do not 

guarantee a well-constrained reservoir model, or a 

viable reservoir at all.   

The subsurface model of the reservoir 

depends strongly on faults and fracture systems 

which are known to act as fluid conduits that host 

deep circulation of water and contribute to reservoir 

storativity (Smith et al., 1990; Bruhn et al., 1994; 

Barton et al., 1995; Cain et al., 1996; Curewitz and 

Karson, 1997; Fairley and Hinds, 2004). In the Basin 

and Range, many hydrothermal systems are 

controlled by the active, extensional normal faults 

characteristic of the region that provide the vertically 

extensive conduits necessary to bring hot water to 

shallow depth by groundwater circulation (e.g., 

Barton et al., 1998; Hickman et al., 1998). 

Nevertheless, the site of hydrothermal upwelling 

shows a complex relationship to these faults, with 

resources localized along limited portions of the 

faults, at fault bends and terminations (tips), or in 

regions of fault intersection or overlap (Curewitz and 

Karson, 1997; Hickman et al., 1998; Eichhubl et al., 

2009; Faulds et al., 2004).  Virtually all fault systems 

contain complex geometry of this nature but only few 
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maintain permeability over long periods of time.  

Our conceptual model is that these large 

faults deform the adjacent volume of rock to produce 

fractures and maintain open fracture networks that 

provide the necessary conduits for fluid flow as well 

as sufficient storativity and heat exchange area to 

support geothermal production. The complex fault 

geometry in a geothermal field can serve to 

concentrate stress and promote increased fracture 

density that is conducive of fluid flow and heat 

extraction (Curewitz and Karson, 1997; Maerten et 

al., 1999; Bourn et al., 2001; Mickelthwaite et al., 

2009).  Slip along the fault(s) is driven by the local 

stress and can lead to complicated patterns of 

deformation, i.e. shear slip and dilation within the 

surrounding protolith. (e.g., Bourn et al., 2001; 

Davatzes et al., 2005; Mickelthwaite et al., 2009).  

The resulting damage zone should reflect the pattern 

of stress change accompanying slip on geometrically 

complex fault systems, therefore defining the limited 

portions of faults that might support the deep 

circulation necessary to support a geothermal 

reservoir.  

The Desert Peak Geothermal Field, NV, is 

one example of a hydrothermal area associated with a 

bend or step in the Rhyolite Ridge normal fault 

system (Figure 1a). Enhanced Geothermal System 

(EGS) well DP 27-15 is located along the 

northernmost N-NE striking fault trace with active 

injecting and producing wells located within ~0.5 to 

~2 km to the SW along the fault strike, and just 

beyond the apparent tip of the fault or within an 

extensional step or bend (Figure 1b). Although this 

spatial association is clear, several problems remain: 

(1) The fault is comprised of several distinct 

segments, making it uncertain whether all, some, or 

none are actively slipping; (2) Stress transfer among 

segments can produce spatially varying patterns of 

slip direction on the fault segments and deformation 

in the surrounding volume; (3) All of the key 

parameters including the fault geometry, mechanical 

properties of the rock, and the stress state have 

associated uncertainties, especially at depth. 

We investigate the structural control of the 

Rhyolite Ridge fault system on fracture potential, i.e., 

the conditions promoting fracture formation and slip 

at Desert Peak through boundary element modeling 

(BEM) of slip on the Rhyolite Ridge fault system and 

resulting deformation in the adjacent rock volume.  A 

heuristic modeling approach is adopted to investigate 

the sensitivity of this elastic deformation to details of 

fault geometry and stress state within uncertainties 

derived from mapping and borehole studies as well as 

reasonable constraints on the state of stress in the 

surrounding crustal volume from the frictional 

strength of rock. Variation in the outcomes of these 

models can be quantified by exploring these 

uncertainties, thus revealing which results are poorly 

constrained due to the uncertainty of input model 

parameters and which outcomes are robust and have 

a high probability of occurrence. We show that this 

approach provides a practical tool for geothermal 

exploration and development by 1) determining 

which geologic models are compatible with field 

observations and 2) identifying the types of data and 

locations that would be most useful to refine or test a 

geologic model. 

 

GEOLOGIC SETTING 

The Desert Peak Geothermal Field is located 

in the Basin and Range Tectonic Province along the 

N-NE striking Rhyolite Ridge normal fault system. 

The Rhyolite Ridge Fault System is characterized by 

multiple fault segments with abundant bends and 

intersections near the production wells. The 

hydrothermal system itself has no active surface 

expression that would indicate the presence of a 

geothermal reservoir (Figure 1b) (Benoit et al., 2006; 

Kratt et al., 2006; Faulds and Garside, 2003).   

Several geothermal systems including Dixie 

Valley, Fallon, Desert Queen, and Brady’s among 

others are similarly associated with N-NE striking 

normal fault systems.  The adjacent Brady’s 

Geothermal Field has a high fault density and surface 

expression in the form of hot springs and 

hydrothermal silica deposits (Kratt, et al., 2006) 

(Figure 1a).  Desert Peak is also near the Desert 

Queen Geothermal Field that has been shown to have 

a thermal anomaly through shallow temperature 

probe profiling that coincides with a densely faulted 

area (Coolbaugh et al. 2007; Faulds and Garside, 

2003), but which is not yet developed. 

The conceptual fault model for Rhyolite Ridge is that 

two major N-NE striking faults have formed an 

active left-stepping overlapping relay that has been 

breached through fault tip propagation and truncating 

intersections (Faulds and Garside, 2003), thus hard-

linking the relay. Slip on these segments could cause 

stress concentrations that increase fracture density.  

The characteristics of the system are derived from 

surface fault maps (e.g., Faulds and Garside, 2003; 

Faulds pers comm. November, 2011), geological 

characterization of well data (Lutz et al., 2009), 

geomechanical analysis of well data (Robertson-Tait 

et al., 2004; Davatzes and Hickman, 2009; Hickman 

and Davatzes, 2010), and rock mechanical analysis of 

representative core (Lutz et al., 2010). Additional 

constraints on the behavior of the reservoir are 

derived from pressure interference tests (Zemach et 



al., 2010), tracer studies (Rose et al., 2010), and local 

seismic monitoring (see Nathwani et al., 2011). 

 

 
Figure 1: Desert Peak-Bradys-Desert Queen 

Geothermal fields. (a) Fault systems and 

associated thermal anomolies for the three 

geothermal fields (figure reproduced from 

Faulds et al., 2010) (b) Rhyolite Ridge fault 

system at Desert Peak, Shmin orientations for 

wells DP 27-15 and DP 23-1, and fault relay 

traces modeled. 

METHODOLOGY 

The numerical modeling method used in this 

study is the linear elastic boundary element method 

(Crouch and Starfield, 1983) implemented in the 

Poly3D (Thomas, 1992) modeling software.  In 

Poly3D, the fault surfaces are discretized into 

triangular elements modeled as displacement 

discontinuities within a continuous isotropic 

homogeneous linear elastic half or whole space rather 

than discretizing the entire three-dimensional rock 

volume, resulting in much more efficient 

computation. Temperature, fluid flow, or chemical 

effects are not modeled. Displacement discontinuity 

or traction boundary conditions are specified on the 

elements and a uniform far field strain or stress tensor 

is applied to induce deformation.  A quasi-static 

solution of stress and strain is calculated at 

observation points in the surrounding volume using 

linear elastic properties (Figure 2). In this initial 

series of models, the elements comprising the faults 

were specified to have zero residual shear tractions 

and zero normal displacement – effectively 

simulating a complete shear stress drop without 

opening or interpenetration of the modeled surfaces. 

The uniform remote stress tensor is consistent with 

the approximate reservoir depth of 930 m (Table 1). 

The efficiency of the BEM allows us to 

investigate the sensitivity of the computed 

stress/strain or fault slip distribution to various 

modeling parameters by systematically sampling 

them within the range of uncertainty.  Multiple 

modeling parameters may be sampled together to 

explore a parameter space that quantifies trade-offs in 

the model response of closely related properties.  

Model calibration is achieved by comparing 

the model results to observation points placed 

coinciding with well DP 23-1, which has been logged 

to determine the direction of the principal horizontal 

stresses (Robertson-Tait et al., 2004), and well DP 

27-15, for which the direction and magnitude of the 

least compressive horizontal stress, Shmin, has been 

determined (Davatzes and Hickman, 2009; Hickman 

and Davatzes, 2010) (Figure 1b). The fracture 

populations intersecting both wells have also been 

determined through analysis of image logs. 

The edges of boundary elements are 

associated with a stress singularity that roughly 

affects the volume within one element length. The 

balance between resolving physically realistic stress 

at short distances from the modeled fault and 

numerical efficiency resulting from fewer boundary 

elements was assessed by progressively reducing the 

element edge length and observing the state of stress 

at a position representing the DP 27-15 borehole. 

This position afforded both ready comparison to the 

stress tensor measured in the field (e.g., Hickman and 

Davatzes, 2010) and was at a distance that is short 

compared to the geometric complexity modeled later 

in this study. For simplicity, the model fault was 

taken as a rectangular flat plane representative of the 

northernmost fault trace of Rhyolite Ridge and 

assigned a dip of 60°, typical for normal faults. The 

stress tensor initially used is derived from the 



magnitude and direction of Shmin observed in well 

DP 27-15, the vertical stress, or SV, from the weight 

of the overlying rock, and the most compressive 

horizontal stress, or SHmax, assumed to be the 

average of the other two principal stresses (Figure 2) 

as described by Hickman and Davatzes (2010) (Table 

1).  The pore pressure, or PP, used was taken as 

hydrostatic pressure from the depth to the water table, 

and the elastic properties of Young’s Modulus and 

Poisson’s Ratio of the surrounding rock were taken 

from the results of triaxial compression tests of 

representative rock samples taken from borehole 35-

13 (Lutz et al., 2010).   

 
Figure 2: Model Setup for Rhyolite Ridge. Location 

of DP 27-15, remote stress tensor and boundary 

conditions 

 

Using the same model configuration to test the 

element edge length, we determined the model is 

relatively insensitive to Poisson’s Ratio and Young’s 

Modulus within the range of uncertainty, so 

representative values from the laboratory tests of 34.2 

GPa for Young’s Modulus and 0.18 for Poisson’s 

Ratio were used for all subsequent modeling. 

Table 1: Model Parameters (individual models differ 

as stated) 

Parameter Magnitude Uncertainty 

Range 

Units 

Geometry
1
    

 Approx. 

element length 

200     - m 

 Fault dip 60 ± 15 degrees 

 Depth to lower 

fault tip 

2000     - m 

Stress Model 

Depth(DP27-15)
2
 

930 ± 12.5 m 

 SV 22.6 ± 0.7 MPa 

 Shmin 13.8 ± 0.4 MPa 

 SHmax 18.2 ± 0.6 MPa 

 PP 8.0 ± 0.6 MPa 

 Shmin Azimuth 114 ± 17 azimuth 

Elastic 

Properties
3
 

   

 Young’s 

Modulus, E 

34.2 ± 11.0 GPa 

 Poisson’s 

Ratio, ν 

0.18 ± 0.07 unitless 

Rock Properties
3
    

 Laboratory 

Friction 

0.77 ± 0.12 unitless 

1 
Faulds and Garside (2003); Faulds pers. comm. 

November 2011 
2 
Hickman and Davatzes (2010) 

3
 Lutz et al., (2010) 

RESULTS 

Modeling of the fault system at Desert Peak 

was conducted through various sensitivity studies of 

fault geometry and far-field stress state.  (1) In the 

first series of models, the fault geometry was tested 

by varying fault dip and in-plane length from the 

surface to the lower tip of the fault along a flat planar 

rectangular fault (depth).  (2) The remote stress 

tensor was varied by allowing a range from normal 

faulting to strike slip stress regimes. (3) The fault 

step along the Rhyolite Ridge system was modeled in 

two configurations: (a) as two independent segments 

in which the spacing of these segments was 

systematically varied and (b) as a continuous fault 

with a bend that reproduces the geometry of mapped 

fault segments. 

(1) Simple Geometry Sensitivity Study 

The dip angle and depth to the lower tip of the 

Rhyolite Ridge Fault systems are poorly constrained 

by outcrop (Faulds and Garside, 2003), seismic 

reflection (Zemach et al., 2010), earthquake (e.g., 

Nathwani et al., 2011), and borehole data (Faulds et 

al., 2003; Lutz et al., 2009). To constrain these 

geometric parameters, we model response to 

variations in fault dip and in-plane fault length 

perpendicular to strike (depth).  The azimuth of the 

remote Shmin (Shmin
rem

) was set perpendicular to the 

fault strike so that the fault orientation is reflective of 

remote stresses assumed to cause fault formation 

(Jaeger and Cook, 1979).  The magnitude of Shmin
rem

 

was derived from a critically stressed friction failure 

criterion for normal faults (Jaeger and Cook, 1979; 

Zoback, 2007): 





Shmin
rem


Sv  Pp

2 1 
1/ 2

  
2  Pp

      Eq. 1 

Where µ is the coefficient of friction, taken as 0.77 

which is the value obtained from triaxial compression 

testing of rock samples from Desert Peak (Lutz et al., 

2010).  Since the model includes a complete stress 

drop, these results represent the maximum stress 

perturbation. The resulting stress distribution is 

calculated at the stimulation depth in well DP 27-15. 

The results of all analyses are contoured as a function 

of this parameter space (Figure 3).  The model is very 

sensitive to changes in fault depths less than ~4000m, 

but was not sensitive to fault dip.  The model is more 

sensitive to dip for fault depths greater than 6000 

meters, but fault depths greater than this did not 

affect the model results.  The magnitudes of locally 

induced Shmin (Shmin
loc

) dropped below the boundary 

conditions at roughly 1000 meters of depth-extent, 

but became relatively more compressive at a depth of 

2000 m, and showed the highest magnitude at this 

depth for steeply dipping faults (Figure 3a).  

Although none of the model results were as high as 

the observed Shmin
loc

 magnitude of 13.8 MPa at ~930 

m depth, the dip and depth combination of 71 and 

2000 meters produced the most compressive value.  

The azimuth of 114 for Shmin
loc

 observed in the well 

was also achieved at this depth (Figure 3b), as well as 

the value of Sv assumed to be 22.6 MPa from the 

weight of the rock overburden (Figure 3c). 

Since drilling induced tensile fractures are 

parallel to the borehole axis within a 12-15 degree 

uncertainty (Davatzes and Hickman, 2009) and given 

the precision of the method to asses this orientation 

(Peška and Zoback, 1995), a key criterion for the 

suitability of the model is the variation of the 

maximum principal compressive stress from vertical. 

Therefore, Sv can be assumed to be a principal stress 

in the vertical direction from the well observation, 

however, the most compressive principal stress in the 

model was not vertical, implying that the principal 

stresses show significant rotation at this location due 

to slip.  The magnitude of locally induced Sv can also 

diverge greatly from the lithostatic stress at this depth 

due to the elastic distortion of rock from slip 

depending on the geometry of the fault.  In addition, 

such a shallow depth is unexpected based on the 

occurrence of large stratigraphic offsets at this depth 

(Faulds and Garside, 2003; Lutz et al., 

 

 

 

 

 

 

 

 

 
Figure 3: Plots of fault dip and depth parameter 

space. (a) Shmin is best fit to DP 27-15 at 2 km fault 

depth and 71º but does not reach observed level 

shown as white line on color ramp. (b) Observed 

azimunt Shmin is reached at this depth, as is (c) Sv 

assumed from weight of overlying rock. 

 

2009; pers. comm. J. Faulds, Nov. 2011), which 

requires a much deeper lower termination to the 

actual fault.  Although the fault model causes large 

rotations of stresses from the presence of the traction 

free surface, the fault geometry that produces a best 

fit to the observed stress state in the well of 71º dip 

and depth-extent of 2000 m will be used in the 

models for the rest of this study. 

 

 



 

 
Figure 4: Stress polygons define the range of stress states that can be supported by the frictional strength of the 

crust. In these figures, the remote Shmin
remote

 and SHmax
remote

 magnitudes are plotted normalized to Sv. The local 

conditions at the site of the mini-hydraulic fracturing test are contoured for (a) Shmin
loc

, (b) Azimuth
loc

, and (c) Sv
loc

. 

 

(2) Stress Tensor Sensitivity Study 

We investigated the sensitivity of the 

borehole observation and deformation around the 

fault to uncertainty in the remote stress tensor by 

modeling remote stress states that systematically 

sampled the range from the observed stress state to 

the most extreme ranges of Shmin and SHmax 

allowed by the frictional strength of the crust (e.g., 

Townend and Zoback, 2002), which is here taken to 

be a coefficient of 1.0 as a maximum value consistent 

with Byerlee friction (Byerlee, 1978). Thus Shmin at 

the depth of the mini-hydraulic fracture might vary 

from the observed magnitude of ~0.61 of Sv to the 

frictional limit of ~0.46 of Sv (Equation 1). 

The four values of Shmin
rem

 used were 

derived from various coefficients of friction using the 

critically stressed frictional failure criterion for 

normal faults described above (Equation 1).  The 

Shmin
rem

 magnitudes correspond to friction values of 

0.48 which reproduces the stress state observed in the 

well (Hickman and Davatzes, 2010), 0.6 and 1.0 

which represents the Byerlee friction range for a 

variety of brittle rocks (Byerlee, 1978), and 0.77 

which is the value obtained from triaxial compression 

testing of rock samples from Desert Peak (Lutz et al., 

2010).  The stress tensor was aligned perpendicular 

with the fault strike just as in the study of simple fault 

geometry described above. This configuration 

minimizes the potential influence of SHmax
rem

 on stress 

rotations, as SHmax
rem

 acts parallel to the flat-planar 

fault.  In cases where SHmax
rem

 is not aligned with the 

strike of the fault we expect similar behavior but with 

slightly greater sensitivity to the effects of SHmax
rem

 

magnitude.  The resulting range of stress states define 

a polygon with axes of Shmin
rem

 and SHmax
rem

 

normalized to the remote vertical stress, whose outer 

limits are given by the highest friction coefficient, the 

principal stresses, and the fluid pressure. This 

approach allows a range of physically permissible 

stress states from the normal faulting to strike slip 

faulting stress regimes to be assessed. 

At the location of the DP 27-15 mini-

hydraulic fracturing test, the simulations show that 

local Shmin (Shmin
loc

) has little sensitivity to remote 

SHmax
rem

 for a value greater than 0.7 of Sv, which 

includes the strike slip and a portion of the normal 

faulting zone of the stress polygons. However, as 

SHmax
rem

 approaches the magnitude of Shmin
rem

, the 

simulations become increasingly sensitive to the 

choice of SHmax
rem

 and Shmin
rem

 (Figure 4a).  The 

model that best reproduced the observed magnitude 

of Shmin
loc

 in the well is the 

remote stress state derived from a friction coefficient 

of 0.6. However, as SHmax
rem

 approaches the 

magnitude of Shmin
rem

, lower friction coefficients 

reproduce the observed Shmin
loc

 magnitude. The 

azimuth of Shmin
loc

 is very sensitive to SHmax
rem

 

throughout the normal faulting zone, and the 

observed value was achieved for a remote SHmax/Sv 

ratio of 0.8 (Figure 4b).  The observed value of Sv 

assumed from the weight of overlying rock was 

found near this ratio as well (Figure 4c). As the 

maximum differential stress increases into the strike 

slip regime, the difference between Sv and the weight 



of overburden increases due to the greater elastic 

deformation from increased slip on the fault. In the 

normal faulting regime, characterized by smaller 

maximum differential stress, Sv remains 

approximately equivalent to the weight of overburden 

regardless of fault slip at the position of DP 27-15. 

Given the criterion for the correlation 

between the vertical fractures in the well and the 

orientation of the principal stresses stated above in 

the simple geometry study, a suitable model should 

have a principal stress oriented within 12-15 degrees 

from the axis of the well.  Therefore, the maximum 

or intermediate principal stress should be aligned in 

the vertical direction depending on whether or not we 

consider the normal or strike-slip faulting regime 

respectively. These two principal stresses show the 

maximum offset from vertical for the remote stress 

state that produced the observed Shmin (Figure 4d).  

Although once again this criterion is not satisfied, the 

stress tensor found to be the best fit to the observed 

Shmin magnitude and direction was used for the fault 

overlap study. 

(3) Fault Overlap Sensitivity Study 

In order to explore the impact of the 

complex geometry of the Rhyolite Ridge fault system 

on the local stress state, and thus on fracture 

potential, two planar faults were arranged to mimic 

the strike of the major elements of the Rhyolite Ridge 

fault to simulate both: (1) the potential for the 

segments to slip independently since there is a large 

bend in the current fault trace leading to large 

differences in the ratio of the shear and normal 

tractions resolved on the segments and (2) the 

different stages in the evolution of the fault system 

geometry (Figure 5).  

Both fault segments are assigned a lower tip 

depth of ~2000 m  with the northern fault segment 

dipping 71° and the southern segment dipping 82.5° 

since its strike is offset from the northern fault by 

22º. The southern fault segments northern tip was 

adjusted within the range of 2 km of overlap to 2 km 

of underlap. Since the second fault extends at least 

~10 km to the south (Figure 1), the length of the 

southern fault is 6000 m in order to approximate the 

faults length so that it minimizes the effect of the 

southern tip on the model while also minimizing 

computation time (Figure 6).  The far field stress 

state used was derived from the stress sensitivity 

study, and the direction of the stresses was taken 

from fault and fracture slip data collected in the field  

(Faulds, 2003) which is assumed to cause 

fault/fracture formation in order to investigate 

possible modes of fault propagation across the relay. 

 

 

 
Figure 5: Simplified fault geometries, and modes of 

fault relay breach. 

 
Figure 6: Model Setup for fault overlap at Rhyolite 

Ridge. 

 

Figure 7a and b summarizes the magnitude 

and azimuth Shmin at the observation point in well 

DP 27-15 for the series of simulations. Also shown 

are the simulated azimuths at well DP 23-1 at the 

observation depth of 1400-2800 m(Robertson-Tait et 

al., 2004)(figure 7c).  The observed values in well DP 

27-15 are achieved with roughly 600 meters of 

underlap and become increasingly less compressive 

with increasing overlap but do not approach tension, 

while the direction of Shmin in well DP 23-1 did not 

show sensitivity to fault overlap retaining its 

correspondence to the input azimuth.  Thus the 

pattern of slip among the segments can have a 

significant influence on the local stress state. In the 

simulated extreme case of a complete stress drop, the 



local stress state observed at 27-15 characterized by 

relatively low differential stress can be reproduced 

from significantly larger far field differential stresses 

in the surrounding crust. 

The potential for fracture formation or slip is 

assessed from maps and cross-sections of contoured 

stress parameters. Example contour maps derived 

from the local stress states due to the mechanical 

interaction of faults are shown for roughly 600 

meters of underlap (Figure 8) and 600 meters of 

overlap (figure 9) in map view and cross section, 

with the cross section placed perpendicular to the 

average direction of the  

 
Figure 7: Results of fault overlap study. (a) Shmin

loc
 

plotted for fault over/underlap.  Observed Shmin  in DP 

27-15 found at ~600 m of fault underlap. (b) Azimuth 

Shmin
loc

 faound there as well but nearly all models are 

within the uncertainty range. (c) Azimuth Shmin for DP 

23-1. 

two fault strikes and between the two fault tips that 

are adjacent to each other in order to show the 

location of maximum fault interaction.  Also shown 

on the maps are the locations of a production well, 

two injection wells, and the location of the EGS well 

DP 27-15.  Plots (a) and (b) in both Figures 8 and 9 

show the value of Shmin, as well as vectors 

perpendicular to the least compressive principal 

stress to show the strike of potential tensile fractures.  

Maps (c) and (d) from both Figures 8 and 9 show the 

Maximum Coulomb Shear Stress (Sc) on optimally 

oriented potential fracture surface as a proxy for 

fracture density (as per Maerten et al., 2002; Childs et 

al., 1995), with vectors of SHmax which are parallel 

to the strike of conjugate fracture planes that would 

result from compressive failure: 
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  Eq. 2

 

where σ1 and σ3 are the maximum and minimum 

principal stresses, and μi is the internal coefficient of 

friction, and is taken to be 0.6.  These plots show a 

significant increase in fracture potential at the 

northern tip of the southern fault and the fracture 

potential directions for the two types of rock failure 

show similar trends to the fault segments that connect 

these two portions of the Rhyolite Ridge fault (Figure 

1b). 

As per the criterion for fracture orientation 

in the well being indicative of a near vertical 

principal stress, the presence of the second fault 

caused the maximum compressive principal stress to 

be almost exactly vertical in the observation well for 

every model.  This implies that the interaction 

between the two fault segments plays a critical role in 

causing the local stress state in the fault system, as 

well as the formation of a damage zone within the 

relay. 

(4) Breached Relay Models 

The mapped geometry of the Rhyolite Ridge 

fault contains several segments that connect the more 

extensive Northern and Southern Segments across the 

open relay modeled in Figures 8 and 9. The most 

prominent three segments were modeled to ascertain 

their impact on the local stress state in the relay.  

These can be interpreted from the abutting 

relationships to represent: 1) propagation of the 

southern fault with a curve to join with the northern 

fault, 2) propagation of the northern fault and a 

truncated intersection with the southern fault, and 3) 

propagation of the southern fault segment following 

the general direction of its strike with bends 

representing locations where secondary faults breach 

the relay at several locations (Figure 1b).  The 

magnitude and direction of remote Shmin 

corresponds with the measurements in well DP 27-15 

(Table 1) in order to show the effect of the present 



stress state on the mapped fault traces, with the ratio 

of SHmax to Sv derived from the stress sensitivity 

study.  The first and second fault traces modeled (1 in 

Figure 10a, and 2 in Figure10d) show areas of 

enhanced dilational failure potential due to a reduced 

compression of Shmin in the area of production 

associated with their right turning bends, and the 

right turning bends in this third fault trace create 

locations of enhanced compression where the 

secondary faulting of the relay occurs (Figure 10 g & 

h). 

 

DISCUSSION 

These models provide a tool for assessing 

how uncertainties in data sets translate to 

uncertainties in conceptual models, for instance how 

a fault geometry or stress state impacts the prediction 

of fracture density or the position of a geothermal 

resource.   

Although the single fault model produced 

very large stress rotations that were not observed in 

the wells, the overlapping relay caused by the second 

fault served to minimize the vertical stress rotations, 

while concentrating stresses and causing potential 

fracture orientations that resemble the relay faulting 

pattern and promote connectivity between injection, 

production, and EGS wells.  The role of the three 

faults within the relay modeled at Rhyolite Ridge 

cause the stress concentrations to be reduced and 

offset from the unbreached relay model, but focus 

stress concentrations within the production area.  

Further structural assessment of Rhyolite Ridge 

should include modeling the combined effects of all 

three fault traces together, as the points where they 

intersect most likely create areas of stress 

concentrations as well. 

Limitations of the model and Future Development 

Although this study provides some insight 

into the structural mechanisms related to faults and 

fractures, there is still potential for further 

exploration of other fault parameters that could 

greatly affect the model result.  The fault geometries 

in this study have no roughness in the down-dip 

direction, and the roughness in the horizontal 

direction was taken from the projected fault trace into 

the ground.  Although fault roughness has been 

shown to be reduced in the in the dominant slip 

direction (Power et al., 1987, 1988; Sagy et al., 2006) 

modeling faults in this way is not necessarily 

accurate.  In addition, the volume experiencing stress 

perturbation is proportional to the length of the 

source roughness. Thus, the large-scale patterns in 

stress perturbation relevant to this study will 

generally be independent of the roughness at smaller 

length scales. However, this behavior might change 

in the presence of frictional faults that can support 

residual shear tractions (Parsons 2002; Kaven et al., 

in press). For simple fault geometries, varying the 

shear stress drop primarily reduces the volume 

experiencing large stress magnitude changes and 

principal stress rotations. However, for geometries 

more consistent with the complexity of the mapped 

trace of the Rhyolite Ridge fault, the inclusion of 

residual frictional strength changes the location of 

some of the volumes experiencing locally enhanced 

Coulomb Shear stress indicative of fracture formation 

or reactivation. In addition, inclusion of friction will 

allow us to assess the dilation potential of the 

Rhyolite Ridge system itself, and by allowing 

opening, an assessment of not only off-fault fracture 

potential, but whether the fault is a primary 

connection to hot fluids at depth. 

Further development of this fault model will 

include a study of fault roughness, friction and how 

stress states near the fault are further perturbed due to 

fault opening and stress concentrations at point 

contacts.  Other aspects of fault geometry that can be 

modeled are curvature at the fault tips with depth and 

listric fault geometry commonly attributed to Basin 

and Range normal faults (Stein, 1985). Friction can 

be modeled using existing solutions including the (1) 

iterative solver incorporated into Poly3D by 

IGEOSS, and (2) a linear complementarity friction 

solver (Kaven et al., in press).  

This exploration of uncertainty will form the 

basis for developing statistical measures of the 

probability and validity of reservoir models. 
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Figure 8: Underlapping faults.  Map views (a & c) showing injection wells (yellow) production wells (blue) and EGS 

well DP27-15 (red) as well as location of cross section with red line.  Cross sections (b & d) showing 

modeling/observation depth for stimulation interval in EGS well DP27-15. 



 
Figure 9: Overlapping faults.  Map views (a & c) showing injection wells (yellow) production wells (blue) and EGS well 

DP27-15 (red) as well as location of cross section with red line.  Cross sections (b & d) showing modeling/observation 

depth for stimulation interval in EGS well DP27-15. 



 
Figure 10: Three faults modeled that breach the relay at Desert Peak. Cross sections showing modeled slip distribution 

facing due west.  The figures show injection wells (yellow) production wells (blue) and EGS well DP27-15 (red). 



 
Figure 11: Three faults that breach the relay at Desert Peak modeled together. The figures show injection wells (yellow) 

production wells (blue) and EGS well DP27-15 (red). 

 


