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Appendix C 
 

Wellbore and Groundwater Temperature Distribution 
in Eastern Snake River Plain; Implications for 

Groundwater Flow and Geothermal Potential, Idaho 
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Appendix D 
 

Thermal and Geochemical Anomalies in the Eastern 
Snake River Plain Aquifer: Contributions to a 

Conceptual Model of the Proposed FORGE Test Site 
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Appendix E 
 

He Isotopic Evidence for Undiscovered Geothermal 
Systems in the Snake River Plain 
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Appendix F 
 

Geomechanical Characterization of Core from the 
Proposed FORGE Laboratory on the Eastern Snake 

River Plain, Idaho 
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Appendix G 
 

Geomechanical Modeling 
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Appendix G 
 

Geomechanical Modeling 

Geologic Model Background 

The Idaho National Laboratory (INL) is sited on the Eastern Snake River Plain (ESRP) west of 

Idaho Falls, Idaho. The Snake River Plain cuts a concave northward arc across the Northern Basin and 

Range physiographic province, the trace of a hotspot whose present position is marked by the 

Yellowstone caldera (e.g., Morgan, 1972). In the ESRP, initial silicic volcanism has since given way to 

extensive extrusion of basalts that now overlie the silicic volcanics. This volcanism is still active; flows 

within the Craters of the Moon National Monument a few miles west of INE are less than 10,000 years 

old (Kunz et al., 1986). 

Information regarding the composition of the materials that underlie the ESRP has generally been 

obtained from interpretations of surface geophysical investigations. Analyses of cores and cuttings 

obtained during drilling of the INEL-1 borehole provide one of the few direct observations of the 

subsurface (Prestwich and Bowman et al., 1980). Based on these analyses, more than 610 m of basalts 

have been extruded onto the ESRP. Sands and gravels are interlayered with these basalts. The underlying 

silicic volcanics extend to the total depth of more than 3.1 km. These include more than 1,675 m of 

welded tuffs, with minor amounts of cinders and tuffaceous interbeds. Dense, recrystallized 

hydrothermally altered rhyodacite ash-flows were found in the borehole below about 2,500 m. Below this 

depth, the rock becomes increasingly dacitic; at 2,880 m, an abrupt change to dacites was inferred from an 

increase in logged density. At greater depths, basaltic intrusions comprise as much as 25% of the present 

40-km-thick crust, based on interpretations of seismic refraction data (e.g., Sparlin et al., 1982). 

Snake River Plain Tectonics 

Basin and Range tectonic activity characterizes the regions on both sides of the ESRP, as characterized by 

the 1983 Borah Peak earthquake immediately to the north of the INL Site. Although significant activity 

appears to be concentrated within a parabolic arc with its head beneath Yellowstone National Park, no 

earthquakes larger than Ms = 3 have been detected in the period since 1961 beneath the plain itself. 

However, feeder vents for the extrusive basalts are aligned in a north-northwest direction, suggesting that 

the plain is extending in the same direction as the surrounding province. A number of ideas have been 

proposed to explain the lack of seismic activity beneath the plain. These include that the plain is 

undergoing ductile deformation, a consequence of elevated subsurface temperatures (e.g., Furlong, 1979), 

or alternatively that the basalts are simply too strong to fail (Anders et al., 1989). 

The stress orientation data for a larger region surrounding the plain was compiled from the World Stress 

Data Base and includes data through 1989. Three earthquakes in northern Nevada indicate a roughly 

NE-SW direction of principal horizontal compression in the Basin and Range and a normal faulting 

environment. A series of earthquakes near the Idaho/Utah border suggests a similar magnitude and 

orientation of the principal stress field immediately to the SE of the plain. Immediately to the north of the 

Snake River Plain (SRP), maximum compression trends NW-SE, as illustrated by the stress directions 

inferred from the 1983 Borah Peak normal faulting event (indicated by a solid triangle). 
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One- to Three-Dimensional Geomechanical Modeling of the ESRP 

In low-matrix-permeability reservoirs, such as the ESRP, stimulation response is controlled largely by the 

properties of natural and induced fracture networks, which are in turn controlled by the in situ stresses, 

the fracture distribution and connectivity, and the hydraulic behavior of the fractures. Exploiting this 

complex interaction requires knowledge of the present-day stress field at the reservoir scale for effective 

and efficient stimulation. 

The methodology to fully characterize the subsurface at the INL’s proposed Frontier Observatory for 

Research in Geothermal Energy (FORGE) site integrates three field-scale models derived from a broad 

multidisciplinary set of data. A geologic model provides the structural framework, lithology and 

reservoirs properties, a three-dimensional (3D) geomechanical model of the magnitudes and orientations 

of reservoir stresses, pore pressure evolution and rock mechanical properties, and a discrete fracture 

network (DFN) model fracture characterization and distribution. 

Interpreting rock types and distributions within a volcanic setting is complicated by the heterogeneity and 

discontinuity of the rocks. To develop the 3D geologic framework, geostatistical methods will be applied 

within a structural grid-cell model built using the JewelSuite software. For the base case model, the facies 

picks of formation tops from drilled wells are matched to interpreted facies boundaries as a set of well-tie 

cross sections. This information is used to generate a 3D structural volume with a consistent set of rock 

types within a given facies region. The base case geologic model result (best-case and worst-case 

scenarios below) provides the common framework for the subsequent modeling in this study. The base 

geologic structural model for the proposed FORGE site shows the geologic evolution and subsequent 

horizons through time. 
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Best case scenario geologic model. 

 

Worst case scenario geologic model. 

A complete geomechanical model consists of estimates of the in situ or present-day stresses (both 

orientation and magnitude), the rock strength and rock properties, and the pore pressure or formation 

pressure. In keeping with the majority of work in rock mechanics, tectonophysics and structural geology, 

we use the convention that compressive stress is positive. We use this convention because in situ stress at 

depth greater than a few tens of meters in the earth, confining pressure in apparatus, and fluid pressure in 

pores are always compressive. Positive compressive stress is also the convention used in the field of soil 

mechanics. This is opposite to the convention adopted in work on the theory of elasticity and continuum 

mechanics where stresses are assumed positive when tensile (see discussions in Jaeger and Cook, 1979; 

Zoback, 2007). 



 
 

176 

In geologically simple reservoirs, a 3D static geomechanical model can be developed based on sufficient 

well control, attributes derived from geophysical data and structural information. 3D dynamic 

geomechanical models are necessary where we need to solve correctly pressures in more complex 

reservoirs such as areas with large topographic relief, e.g., beneath mountain ranges, or with large lateral 

density contrasts, e.g., adjacent to salt bodies. Dynamic models are also required to calculate stress 

continuity across faults, stress perturbations due to active fault slip, and changes in stress magnitudes with 

depletion. 

One-Dimensional Geomechanical Modeling Workflow 

The initial phase of 3D geomechanical modeling involves the development of calibrated, one-dimensional 

(1D) geomechanical models based on data from wells distributed throughout the geothermal reservoir. 

The 1D models are an essential step toward creation of a 3D geomechanical model, because they are used 

to develop and verify static stochastic 3D geomechanical models and 3D dynamic geomechanical finite 

element simulations of more complex or time dependent aspects reservoirs evolution (i.e., reservoir 

pressure and temperature evolution with time). 

For the FORGE study, offset well data will be utilized to derive 1D profiles of vertical stress, Sv, 

maximum horizontal stress, SHmax, minimum horizontal stress Shmin, pore pressure, Pp, and rock 

mechanical properties (UCS, T0, E, etc.). For 1D geomechanical models, we assume that one of the 

principal stresses acts essentially vertically and that the other two principal stresses act horizontally. 

To constrain the stresses within the proposed FORGE site, our team will utilize a broad suite of historical 

and newly acquired data recorded in wells drilled into SRP to map in detail the magnitudes and 

orientations of in situ stress across the field. The methodology requires characterization of 

drilling-induced wellbore failures through analysis and interpretation of available wellbore image data. 

We will use least principal stress values (S3) inferred from leak-off tests or mini-fracs, information about 

vertical stress from density logs, and pore pressure information obtained by direct measurement or 

inferred from drilling data along with the observed wellbore failures to constrain the full stress tensor in 

the reservoir. 

We use the suite of data recorded in the 3,300-meter-deep INEL-1 borehole in 1990 to demonstrate our 

proposed approach. Standard logs recorded in the borehole included a density log, neutron porosity, sonic 

slowness, electrical resistivity, formation temperature, natural gamma ray, and caliper hole size 

measurements. In addition, analog acoustic televiewer data were recorded over the interval 2,066 to 

3120 m and then digitized post-logging (Moos and Barton, 1990). 

We will compare values of compressive rock strength obtained in triaxial laboratory measurements 

against effective in situ rock strength determined through the log-based analysis. Log-based rock 

mechanical properties are derived through application of empirical relationships to the wireline data to 

calculate depth profiles of UCS, Young’s modulus, Poisson’s ratio, and internal friction. The fundamental 

INL log data and the computed geomechanical parameter profiles are shown in the example below. 
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Log-derived rock strength must be calibrated against laboratory triaxial rock strength measurements. 

Newly acquired rock strength measurements (Bakshi et al., 2016) are plotted in this example and show 

excellent correlation with the log-derived values. A histogram of computed UCS values over the interval 

1,500 to 3,000 m yield a P10 of 121 MPa and P90 of 183 MPa. These will values help to constrain the 

possible magnitudes of the horizontal stresses based on the presence or absence of wellbore breakouts in 

the well. 

 

In the vicinity of the proposed FORGE site, the vertical stress, Sv, at 3,500 m is 82 MPa based on 

integrated density logs recorded in the INEL-1 borehole. The water table measured in INEL-1 is at 91 m, 

indicating pore pressure in sub-hydrostatic at a value of 34 MPa at this depth. Wireline data and drilling 

experience from the INEL-1 borehole provide an estimate for the least horizontal principal stress, Shmin of 

58 MPa ± 2 MPa at this depth. The lack of leak-off or mini-frac tests in any of the site boreholes currently 

limits our ability to accurately validate the least principal stress gradient.  
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To constrain the magnitude of SHmax, our approach will utilize the Baker Hughes GMI•SFIB™ modeling 

software along with the results of wellbore failure analyses to derive a stress state consistent with the 

occurrence or absence of drilling induced tensile fractures and wellbore breakouts in the reservoir zones. 

The modeling requires well-calibrated values for Sv, Shmin, Pp, and UCS. 

We provide an example of this approach, again based on preliminary modeling of data recorded 

circa 1990 in the INEL-1 borehole. The figure plots SHmax versus Shmin for a fixed value of Sv (at a depth 

of 3,500 m) to graphically illustrate all possible stress states as constrained by Coulomb frictional faulting 

theory (Moos and Zoback, 1990; see figure below). The perimeter of the figure polygon indicates the 

limiting values of Shmin and SHmax for which the state of stress is in equilibrium with the frictional strength 

of preexisting faults, a condition often observed in the earth (e.g., Zoback and Healy, 1992). For any point 

around the perimeter of the polygon, construction of a Mohr diagram would show that the circle would be 

exactly touching the Coulomb frictional failure line for an optimally oriented fault. We utilize a 

coefficient of friction of 0.6, consistent with the results from laboratory tests (Byerlee, 1978) conducted 

for many rock types encountered in the earth’s crust, including geothermal reservoirs. The only allowable 

stress states are those that are either along the perimeter of the polygon or within its interior. This ensures 

that the in situ stresses never exceed a ratio of shear to effective normal stress that would initiate 

earthquakes on well-oriented faults. 

In order to apply more rigorous constraints on stress magnitudes using observations of wellbore failure, 

the plot also displays lines on the frictional constraint polygon that indicate the combination of values of 

Shmin and SHmax (for the given vertical stress, Sv) that are consistent with wellbore failures observed in 

image logs. Red lines represent the stresses consistent with observed breakouts (contoured for different 

rock strengths) and the blue line represents the minimum values of SHmax for the given Shmin that would be 

required to generate drilling-induced tensile wall fractures. 

From the data currently available for this site, the maximum horizontal stress magnitude can only be 

constrained as transitional between normal faulting and strike slip faulting Sv ≥ SHmax > Shmin (red shaded 

area in the diagram below) with SHmax of 89 MPa ± 11 MPa at 3,500 m. Once we have acquired 

contemporary wellbore image data, we will use this workflow to analyze data recorded in the newly 

drilled and existing wells to more precisely constrain stress magnitudes. 

For the INEL-1 example, in situ stress orientation indicators such as wellbore breakouts and drilling-

induced thermal fractures were not observed in the original 1990 image logging program precluding 

measurement of in situ stress orientation from these data. Although drilling-induced thermal fractures 

would be expected to occur at depth in the deeper INEL-1 borehole, it is likely that the relatively low-

resolution circa 1990 acoustic televiewer tool could not resolve these fine-scale features. Our proposed 

science plan requires that more contemporary, higher-resolution wellbore image logging be undertaken at 

the FORGE site as part of the next logging program to help constrain both in situ stress orientation and 

magnitude. 
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INEL-1 stress state at 3,500 m constrained by P10–P90 range of rock strength values. 

 

Preliminary geomechanical model for INEL-1 borehole based on limited geomechanical data. 
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Constructing the Three-Dimensional Geomechanical Model 

The FORGE 3D geomechanical model will use a number of these 1D models and the geologic structural 

model (i.e., lithologies, horizons, and faults) to create a reservoir-scale geomechanical model as described 

in Holland et al. (2010). With moderate structural complexity and relatively homogenous stress fields 

within the reservoir, reservoir compartment, and overburden, the full workflow can be carried out within 

the 3D static model. For this methodology, a 3D grid is used and populated with the properties of the 

1D geomechanical using geostatistical methods. The pore pressure and horizontal stresses are calculated 

using similar techniques used in the 1D models; only in this case, the calculations are not done along a 

well, but along the vertical, orthogonal pillars of the grid. The population of the grid with the primary 

properties is analogous to building a reservoir grid, although using a much higher resolution over the 

entire vertical column. 

These reservoir-scale models make use of static equations to calculate the stress. 3D static modeling will 

incorporate density, static Young’s modulus, and Poisson’s ratio values derived from the 1D 

geomechanical modeling. Once upscaled, the 1D properties are mapped onto the structural grid. High-

resolution 3D geomechanical models based on structural grids have a clear advantage over a 1D 

depth-stretched model by honoring structural and stratigraphic constraints. Layer thickness variations, 

erosional contacts, and lateral changes are accounted for. The image below shows density mapped to the 

preliminary structural grid generated for the proposed FORGE site. The contoured horizon is reservoirs 

temperature at 3,500-meter depth. 

 

Under the assumption that one of the principal stress directions is vertical, the minimum and maximum 

horizontal stresses are calculated based on effective stress ratios derived from the 1D modeling. These 

ratios relate the effective horizontal stresses to the effective overburden and are related to the rock 

property and the stress field conditions. Populating these ratios allows estimating the horizontal stresses in 

respect to the local pore pressure, local overburden, and the local rock type. As with the stresses, the pore 

pressure cannot simply be extrapolated along the material layers. Different methods are possible 

depending on the pore pressure model and the available data (Ward et al., 1992; Bowers, 1994). With the 

stress model and the primary rock properties in place, other secondary properties like the fracture gradient 

are then—similar to the stresses—calculated from the grid properties at every cell location. 
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Application of the Geomechanical Model – Wellbore Stability and Hydraulic 

Fracture Design 

Knowledge of the in situ stresses allows optimization of drilling mud weights, the design of stable 

wellbore trajectories, assessment of the stability of uncased wells, and the evaluation of casing schemes. 

For example, based on the geomechanical model, it is straightforward to calculate the safe mud window 

for drilling wells for any well trajectory. We will use quantitative risk assessment to examine the 

influence of the uncertainties of the geomechanical model on the predicted required mud weight window, 

either at a certain depth or for a particular wellbore section. Quantitative risk assessment provides the 

probability distribution for drilling success where achievement of success is defined by engineering 

design. This information is extremely useful when prioritizing data collection or when determining what 

new data are required to increase the confidence in the wellbore stability analysis results. 

 

In geothermal environments, it is critical to assess implications of thermoelastic stress changes while 

drilling. Cooling increases the tensile stresses (and decreases the compressive stresses) at the wellbore 

wall, affecting the development of wellbore breakout decreasing the collapse pressure required for 

compressional failure at the wellbore wall. As the hole warms up after drilling, the compressional stresses 

increase and so does the collapse pressure. Over time, the hole falls into thermal equilibrium and the 

collapse pressure increase requires higher mud weight to control excessive breakout development. The 

figure below shows the effects of this time-dependent stress evolution for the EGS Habanero field (data 

courtesy of Geodynamics, LTD). 
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Of equal importance to drilling is the application of the geomechanical model to well completion design, 

specifically the ability to hydraulically fracture the rock at the desired depth in the reservoir. With the 

geomechanical model, the optimal trajectory to initiate hydraulic fractures and for these fractures to link 

up and grow away from the wellbore can be determined. 

  

Optimal trajectories to initiate (left) and link-up (right) hydraulic fractures as a function of wellbore 

trajectory. 

Natural Fracture Characterization and DFN Development 

3D natural fracture characterization uses a variety of data to spatially map fracture occurrence, 

orientation, spacing, and intensity. The primary deterministic data for 3D fracture characterization are 

wellbore image data, microseismic data, well test or injectivity data, advanced acoustic logging data, and 

3D seismic data. Wellbore imaging tools have dramatically improved in resolution and accuracy over the 

past 25 years; our proposed investigation of the ESRP will certainly benefit from these improvements. In 
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addition, there now exist wireline tools such as the deep shear wave imager that can image fractures and 

faults up to 30 m away from the wellbore, significantly enhancing knowledge of spatial fracture 

distribution. Further, high-resolution mineralogical logging (FLEX) can be used to discriminate sealed 

from permeable fractures in geothermal reservoirs. Contemporary 3D seismic data analysis methods 

include determination of fracture attributes based on seismic coherency which again would augment 

wellbore data with spatial fracture distribution. 

In review of the limited data available for natural fracture analysis in this area, the Moos and Zoback 

(1990) study analyzed the depth distribution and orientation of fractures intersecting the three shallow 

wells and the deeper INEL-1 borehole. The image data provided a preliminary view of flow stratigraphy 

within the basalts, revealing a characteristic lithostratigraphy within each flow unit. At the base of each 

flow is a narrow zone of rubbly material, which grades into a massive interior cut by near-vertical 

fractures, possibly columnar joints. Near the top is a narrow zone a few meters thick of shallow-dipping 

fractures. This pattern of fractures detected in the basalts penetrated by the shallow wells is most likely 

due to thermal stresses generated during cooling. Individual flows identified on the bases of this 

characteristic pattern have thicknesses on the order of 26 m. 

 

Typical circa 1990 wellbore image data recorded in Borehole INEL-1. 

A limited sampling of the depth, orientations, apparent apertures, and lithologic setting of macroscopic 

fractures intersecting the INEL-1 borehole within the interval 2,067 to 3,121 m were available from the 

1990 wellbore image analysis. In the welded tuffs, there are two main fracture populations, one striking 

northeast-southwest dipping steeply to the northwest and the other orientated roughly north-south dipping 

steeply to the west. In the lower rhyodacites, there are three dominant fracture populations (1) a 

northeast-southwest set steeply dipping both northwest and southeast; (2) an east-northeast set dipping to 

the south, and (3) a south-southeast set dipping to the north. The variability of fracture trends revealed by 

the image data analysis indicates there is a well-developed network of fractures that can provide a base 

reservoir volume for stimulation. 
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Fracture distribution derived from rhyolite interval, Borehole INEL-1. 

 

Fracture distribution derived from rhyodacite interval, Borehole INEL-1. 

Steeply dipping fractures are interpreted as relict structures related to caldera collapse, and thus were not 

formed in the present-day stress field. In addition to these fractures, numerous more shallow-dipping 

fractures were found. Fracture frequency does not systematically decrease with depth in the study 

interval. Although mechanisms acting to close fractures would be expected to reduce the number of open 

fractures with increasing depth, the data do not show this trend. Shallow-dipping fractures tend to cluster 

within specific depth intervals. This pattern is similar to that found in the extrusive basalts. The fracture 

distribution tends to be clustered with intermittent high fracture densities. 

There appears to be a cyclic repetition of high-density fracturing followed by moderate to low fracture 

density throughout the logged interval of the INEL-1 borehole. These apparent cycles may be associated 

with repeated deposition of the volcanics and with the associated compositional changes indicating that 

the cyclic repetition of high density fracturing with intervening zones of moderate to low fracture density 

may be a consequence of processes occurring during deposition and cooling of the silicic volcanics. This 

detailed analysis of the fracture distribution will help to inform the stochastic DFN model. 
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Fracture distribution (tadpole plot), fracture frequency per foot and associated well logs over the 

interval 6,780 to 10,200 m in Borehole INEL-1. 

Three-Dimensional Fracture Characterization – Discrete Fracture Network 

Modeling 

3D fracture characterization is focused on developing a conceptual model for natural fractures, 

interpreting a hydro-structural model for the site, and developing a 3D static DFN model. By static DFN, 

we mean a description of where fractures are expected to occur in 3D, their intensity (measured strictly as 

fracture area per unit volume), their statistical distributions of size (i.e., extent) and orientations. The DFN 

is built using the 3D geomechanics study, geological model, and various other well logs, microseismic 

and operational data, drilling logs, and interpretations. Then the model is calibrated on dynamic 

information based on monitoring data in response to injection, i.e., performing simulations of hydraulic 

stimulations of specific wells. These low-flow-rate injection tests are used to characterize the hydraulic 

properties of the fractures, their width, stiffness, and strength—properties that are often difficult to 

quantify, leading to the typically large uncertainties in predicted response to stimulation of fractured 

reservoirs. Model iterations include adjusting DFN parameters such as intensity, size, and aperture. Post-

stimulation tracer tests of dipole injection between two wells can also be used to confirm the resulting 

DFN model parameterization and to screen stochastic realizations showing solute transport characteristics 

most similar to those observed. 

An example of our DFN workflow applied to the Wayang Windu Geothermal Field in Indonesia is shown 

below (data courtesy of STAR Energy). Deterministic data are from wellbore data, image logs, 

production logs, lithology, and microseismic data recorded under stimulation provide fracture intensity, 

distribution, and hydraulic aperture. Stochastic DFN models are generated to find the optimal fit to the 

deterministic data. Integrating the results from our 3D geomechanical grid with the DFN fracture 

distribution, we can determine, using Coulomb failure analysis, the proximity to frictional failure of each 

fractures in the DFN. Mapping these fracture intersections to the reservoir volume provides a means to 
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identify “geomechanical sweet spots,” zones with the highest density of stress sensitive fractures 

(Barton et al., 2013) for stimulation design. 

 

Implications of the in situ stress sate and fracture network for stimulation of the SRP 

geothermal reservoir. 

Effective production from EGS reservoirs requires stimulation of preexisting natural fractures, but it is 

also accompanied by hydraulic fracturing, which creates high-conductivity pathways back to the 

producing well. These are often held open after stimulation using proppants injected with the stimulation 

fluid. Because injection pressures exceed the least stress, the stimulated volume creation is likely here to 

be through a combination of shear stimulation and growth of new hydraulic fractures, enabling more 

efficient connections within the preexisting natural fracture system. 

For the very limited 1D geomechanical data available for the INEL-1 borehole, we can evaluate the mud 

pressure at which a tensile fracture starts to form on the wellbore wall for a given tensile strength. The 

plot below represents this pressure as a function of wellbore trajectory; vertical wells are plotted in the 

center, and horizontal wells plot along the outside edge. The grid in the plot is aligned with the stress 

symmetry. Geographical north is at top of the plot and the two arrows pointing into the plot indicate the 

azimuth of the maximum horizontal stress based on out limited data. The plot shows wells highly 

deviated in the direction of Shmin require higher stimulation pressures than those drilled in the direction of 

SHmax. 
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Similarly, we can use the INEL-1 1D geomechanical model to estimate the optimal trajectory to stimulate 

the preexisting natural fracture system. The approach we use for modeling the connected stimulated 

network is the observation, validated by numerous studies (e.g., N. Barton, 2007), that fracture 

conductivity is enhanced when fractures have slipped under a critical state in which the shear stress is 

sufficient to cause the fracture to fail in shear. Explicitly, we define this condition using a Coulomb 

failure criterion in which slip occurs when τ > µσn – S0 (τ is the shear stress acting on the fracture, µ is the 

coefficient of sliding friction, σn is the effective normal stress, and S0 is the cohesion). 

Under natural conditions (left plot), most fractures are nearly completely closed, as σn is always greater 

than zero in situ. Raising the reservoir pressure, as occurs during stimulation, decreases effective normal 

stress thereby causing an increase in the number of fractures that are critically stressed and thus can slip 

(right plot). Because fracture walls are rough, slip requires an increase in the crack width which enhances 

conductivity. As stimulation pressure continues to increase to values above the fracture gradient, Mode I 

(tensile) cracks will open, and, with continued pressure increases, the pre-stimulated shear fractures will 

also open. When the pressure drops after stimulation is complete, shear fractures remain open (they 

self-prop), but Mode I cracks will re-close unless proppant or other means are used to maintain their 

newly created aperture. 

The stereoplots below show the measured fractures in Borehole INEL-1 before and after stimulation at 

1 SG where white indicates critically stressed natural fractures. The lower Mohr circles show the pre- and 

post-stimulation effective stresses. 
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We will use Baker Hughes’s new ARGOS™ fully 3D fracture modeling software to establish our planned 

development of a fully calibrated 3D reservoir geomechanical model and coupled DFN model; well 

design criteria, including optimal trajectories; landing points; frac staging; spacing; sequencing; and 

proppant schedules. ARGOS is a multiphysics platform for hydraulic fracture modeling in complex, 

unconventional formations such as EGS. Importantly, the interoperability between JewelSuite and 

ARGOS enables a powerful workflow for fracture modeling in complex unconventional formations. 

ARGOS can read directly from JewelSuite FORGE geomechanical models, various meshes and wellbore 

designs required for simulation. ARGOS simulation results can then read by JewelSuite for visualization 

and analysis. 

 

3D modeling reveals that the effects of varying cluster spacing on fracture growth can be highly 

asymmetric in laterally variable media. 
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The ARGOS software can predict pressure and flow at any point along the wellbore or within the 

developing fracture network and incorporates models for fracture aperture and slip. Under stimulation the 

hydrofrac provides the initial connection to the wellbore and natural fractures connect once slip occurs 

and nucleate microseismic activity. The ARGOS software can fully capture the exchange of frac fluids 

into the formation and preexisting fractures as a result of stimulation. Comparison to microseismic data 

provides validation, as shown below. 

 

Natural fractures connected to a wellbore at an injection pressure of 25 MPa. 

References 

Anders, M.H., Geissman, J.W., Piety, L.A., and Sullivan, J.T., 1989, Parabolic distribution of 

circumeastern Snake River Plain seismicity and latest Quaternary faulting: Migratory pattern and 

association with the Yellowstone hotspot: Journal of Geophysical Research, v. 94, no. B2, p. 1589–

1621, doi: 10.1029/JB094iB02p01589.  

Bakshi, R., Halvaei, M. E., and Ghassemi, A., 2016, Geomechanical characterization of core from the 

proposed FORGE laboratory on the Eastern Snake River Plain, Idaho: in Proceedings, 41
st
 Workshop 

on Geothermal Reservoir Engineering Stanford University, Stanford, California, SGP-TR-209. 

Barton, C. A., Moos, D., Hartley, D., Baxter, S., Foulquier, L., Holl, H., Hogarth, R., 2013, 

Geomechanically coupled simulation of flow in fractured reservoirs: in Proceedings, 38
th
 Workshop 

on Geothermal Reservoir Engineering Stanford University, Stanford, California, SGP-TR-198. 

Bowers, G. L., 1995, Pore Pressure Estimation from Velocity Data: Accounting for Overpressure 

Mechanisms Besides Undercompaction: SPE Drilling & Completion. 

Byerlee, J. D., 1978, Friction of Rocks, Pure and Applied Geophysics, v. 116, p. 615–626, 

doi: 10.1007/BF00876528. 

Furlong, K., 1979, An analytic stress model applied to the Snake River Plain (northern Basin and Range 

Province, U.S.A.): Tectonophysics, v. 58, p. 11–15. 

Holland, M., Brudy, M., Van Der Zee, W., Perumalla, W., and Finkbeiner, T., 2010, Value of 3D 

Geomechanical Modeling in Field Development – A New Approach Using Geostatistics: SPE/DGS 

Saudi Arabia Section Technical Symposium and Exhibition, April 4–7, Al-Khobar, Saudi Arabia. 

Jaeger, J. C., and Cook, N.G.W., 1979, Fundamentals of Rock Mechanics, 3
rd

 edition: London, Chapman 

and Hall, ISBN 0 412 22010. 

Kuntz, M.A., Spiker, E.C., Rubin, M., Champion, D.E., and Lefebvre, R.H., 1986, Radiocarbon studies of 

latest Pleistocene and Holocene lava flows of the Snake River Plain, Idaho: Data, Lessons, 

Interpretations: Quaternary Research, 25, 163-176. 



 
 

190 

Moos, D., and Barton, C., 1990, In-Situ Stress and Natural Fracturing at the INEL Site, Idaho: DOE 

Report EGG-NPR-10631. 

Moos, D. and Zoback, M.D., 1990, Utilization of observations of well bore failure to constrain the 

orientation and magnitude of crustal stresses: Application to continental, Deep Sea Drilling Project, 

and Ocean Drilling Program Boreholes: Journal of Geophysical Research, v. 95, 9305–9325, 

doi: 10.1029/JB095iB06p09305. 

Morgan, W.J., 1972, Deep mantle convection plumes and plate motions: American Association of 

Petroleum Geologists Bulletin, v. 56, p. 203–213. 

Prestwich, S., and Bowman, J.A., 1980, Completion and Testing Report: INEL Geothermal Exploratory 

Well One (INEL-1): Department of Energy, Idaho Operations Office, IDO-10096, 53 p. 

Sparlin, M.A., and Braile, L.W., 1982, Crustal structure of the Eastern Snake River Plain determined from 

ray trace modeling of seismic refraction data: Journal of Geophyscial Research, v. 87, no. B4, 

p. 2619–2633. 

Ward, C.D., Coghill, K., and Broussard, M.D., 1994, The Application of Petrophysical Data to Improved 

Pore and Fracture Pressure Determination in North Sea Graben HPHT Wells, SPE Annual Technical 

Conference and Exhibition, Society of Petroleum Engineers, September 25–28, New Orleans, 

Louisiana, SPE-28297-MS.  

Zoback, M.D., 2007, Reservoir Geomechanics: University Press, Cambridge. 

Zoback, M. D. and Healy, J. H., 1992, In Situ Stress Measurements to 3.5 km Depth in the Cajon Pass 

Scientific Research Borehole: Implications for the Mechanics of Crustal Faulting: Journal of 

Geophysical Research, v. 97, doi:10.1029/91JB02175. 

 



 
 

191 

Appendix H 
 

Characterization 

  



 
 

192 

  



 
 

193 

Appendix H 

Characterization 

An extensive list of wireline petrophysical and wellbore image logs are planned for characterization of the 

Frontier Observatory for Research in Geothermal Energy site (Table H-1). 

The Snake River Geothermal Consortium will record critical production logs, temperatures, flowmeter 

readings, and pressures to aid in mapping fluid inflow/outflow zones along the wellbore. Repeat 

temperature logs also reveal the systematic recovery to ambient temperatures of the cooled temperature 

profile that results from active circulation of cold surface fluid during drilling. Early production logs will 

be obtained prior to setting casing but prior to recovery of the well; later logs will be acquired after 

drilling fluid loss zones (perhaps coinciding to the primary flow zone) are behind casing. 

Crossed-dipole acoustic logs can detect stress-induced anisotropy, and they help to identify and orient 

compliant and, therefore possibly conductive, fractures in the volcanic rocks. Acoustic logs are also 

invaluable for determining rock mechanical properties as a function of depth (i.e., rock strength, Poisson’s 

ratio, Young’s modulus, and friction angle) that can be calibrated with laboratory-derived values. We will 

also deploy the new deep shear wave-imaging tool capable of imaging near-well fractures that may or 

may not intersect the borehole as far as 18 m (60 ft) away from the well (Figure H-1). The lower image in 

Figure H-1 shows deep shear wave-imaging data looking out 15 m (50 ft) away from the borehole where 

reflectors are seen bounded by clear lithology structures. Primary strike direction of the reflector is 

N55E imaged from horizontal shear waves polarized in the same direction. These data provide extremely 

important natural fracture and fault information for wellbore completion design in geothermal reservoirs. 
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Table H-1. Summary of proposed well bore geophysical logging methods. 

Logging 

Method 

Method 

Name Information Supplied Comment Priority 

Density  

350°F and 

500°F 

CDL/ZDL 

 
Required to compute overburden stress 

by integration. 

H 

Bulk density computed 

from electron density 

Important for porosity. 

Estimate of content of Fe, 

Ca, and Mg relative to Si, 

from PEF 

Important constraint on gravity modeling. 

 

PEF can help differentiate limestone, 

dolomite, and mafic-rich rocks (i.e., 

volcanics) from those with high quartz 

content, and help with clay mineralogy. 
     

Spectral 

natural 

gamma 

350°F and 

500°F 

DSL 

 Total volume of clay and K-rich minerals. 

H 

Separately measures the 

contributions of K, Th, 

and U to the total GR 

U is mobile; high values could indicate 

paleo-flow zones. 

 
Th and K help with clay mineralogy. 

Recommended over standard GR. 
     

Neutron 

porosity 

350°F and 

500°F 

CN 

 Important for porosity. 

L 

Porosity from hydrogen 

content 

Useful for clay volume if non-clay 

minerals are radioactive. 

Volume of clays or 

hydrated alteration 

products 

Not sensitive to porosity variation for 

porosities below a few percent. 

     

Resistivity 

350°F and 

500°F 

HDIL 

A measure of the volume 

of electrically conductive 

fluids (i.e., porosity) 

Important constraint on magnetotelluric 

modeling. 

M 
In low porosity rock, a 

measure of the volume of 

conductive minerals 

Low resistivity indicates higher porosity, 

or the presence of electrically conductive 

minerals e.g., clays, oxides, or pyrite. 

 
May provide estimate of total dissolved 

solids of fluids. 
     

Acoustic 

350°F and 

500°F 

DAL 

Compressional and shear 

elastic-wave velocities 

Calibration for seismic or vertical seismic 

profile. 

H 

With density, dynamic 

elastic moduli 

Measure of degree of consolidation 

(stiffness). 

Stoneley-wave reflections 

and attenuation 

Can be used to compute rock strength to 

help constrain stress from observations of 

wellbore failure. 

Detecting compliant / conductive 

fractures Estimate of matrix permeability 

by Stoneley-wave inversion. 
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Logging 

Method 

Method 

Name Information Supplied Comment Priority 

Crossed 

dipole 

acoustic 

350°F and 

500°F 

XMAC-F1 

 
Useful for better seismic ties using 

transversely anisotropic velocities. 

H 

Azimuthal shear-wave 

anisotropy 

Sensitive to stress to determine 

orientations of maximum and minimum 

horizontal stresses. 

Combined with Stoneley 

modeling, Tl elastic 

moduli 

Sensitive to intrinsic anisotropy (steep 

open fractures; dipping bedding). 

Hole ellipticity and its 

orientation, from 

centralizer calipers 

Independent information is required to 

differentiate stress-induced from intrinsic 

anisotropy. 

 

Can substitute for 4-arm dipmeter to 

detect breakouts. 

Processing is carried out offsite. 
     

Deep Shear 

Wave Image 

350°F and 

500°F 

DSWI 

All crossed dipole 

acoustic information 

Detection of fracture and fault size and 

geometry between wells. 

H Imaging structure 

(fractures and faults) in 

the volume surrounding 

the wellbore 

Processing is carried out offsite. 

     

Electrical 

images 350°F 
STAR 

 

Important for structural analysis. 

M 

Can be so sensitive to fine scale features 

it obscures useful information. 

Centimeter-scale image of 

wall rock resistivity 

Identifying drilling-induced tensile 

fractures for stress. 

Fine-scale fractures, 

electrically resistive vs. 

conductive, NOT “open” 

vs. “closed” 

In contrast to an acoustic image, does not 

provide complete wellbore coverage. 

Subtle stratigraphy 
Cannot be used alone to detect 

“permeable” fractures. 

 
Pads can be damaged by high 

temperature. 
     

Acoustic 

images 350°F 

and 500°F 

UXPL/ 

GTI 

Several cm-scale image of 

wellbore wall reflectivity 

Several cm-scale image of 

wellbore radius 

Excellent to identify mechanically 

“weak” fractures. 

H 
Less resolution than electrical image logs. 

Provides 100% wellbore coverage. 

Excellent for breakout and tensile fracture 

analyses. 
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Logging 

Method 

Method 

Name Information Supplied Comment Priority 

Azimuthal 

resistivity 

350°F 

3DEX 

Dip of electrically- 

anisotropic materials 

Additional structural constraint. 

L 

May help separate structural from stress-

induced elastic anisotropy. 

Resistivity perpendicular 

and parallel to bedding 

Structural information available 

post-acquisition. 
     

Nuclear 

magnetic 

resonance 

350°F 

MREX 

Porosity 
Pad-type tools are sensitive to wellbore 

roughness. 

L Estimate of permeability 
Permeability estimate requires 

calibration. 

 
May have temperature limitations- rated 

to standard 350°F. 
     

Wireline 

straddle 

packers 

350°F 

RCX-SP 

Pore pressure 

The stress and pore pressure data can be 

very important to supplement or replace 

an extended leak-off test. 

H 

Least Principal stress from 

micro-fracturing tests 

May not be available from all service 

providers Have severe temperature 

constraints and pressure limitations Only 

SLB and BHI offer - 120k (for one set of 

packers), 35k for element changes, 20% 

surcharge for high strength mandrel. 
     

Pulsed 

neutron 

350°F and 

500°F 

Rockview 
Mass fraction of 

individual elements 

Detailed mineralogy. 

L 
Carbon content. 

Precise depth delineation of lithologic 

contacts. 
     

Caliper 

350°F, 2 axis 

at 500°F 

WGI 

Hole size, using one or 

more independently 

articulated arms 

Detects weak fractures and faults that 

cause wellbore enlargements. 

H 

Single-arm caliper provides information 

to correct other logs for hole size. 

Multi-arm caliper (6-arm) allows 

determination of hole shape; if oriented 

can be used to detect and orient wellbore 

breakouts for stress determination. 
     

High 

Temperature 

350°F, 2 axis 

at 500F 

HTHP 
High-Temperature 

Logging over 350F 

Tools that qualify need additional 

preparation. 

H 

RCX - SP HT surcharge applies above 

300°F. 

Maintenance costs are escalated after 

350°F 

Availability of these special tools results 

in higher transport costs. 
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Figure H-1. Near-well fractures that may or may not intersect the borehole as far as 18 m (60 ft) away 

from the wellbore (upper images) and deep shear wave imaging data looking out 15 m (50 ft) away from 

the borehole where s are seen bounded by clear lithology structures (lower image). 
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