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Geology and in situ stress of the MH-2 borehole, Idaho, 
USA: Insights into western Snake River Plain structure 
from geothermal exploration drilling

J.A. Kessler1,*, K.K. Bradbury1, J.P. Evans1, M.A. Pulsipher1, D.R. Schmitt2, J.W. Shervais1, F.E. Rowe1, and J. Varriale1,†

1DEPARTMENT OF GEOLOGY, UTAH STATE UNIVERSITY, 4505 OLD MAIN HILL, LOGAN, UTAH 84322, USA
2DEPARTMENT OF PHYSICS, UNIVERSITY OF ALBERTA, 4-181 CCIS, EDMONTON, ALBERTA T6G 2E1, CANADA

ABSTRACT

Project HOTSPOT, the Snake River Scienti�c Drilling Project (International Continental Scienti�c Drilling Program), tested for deep geothermal 

resources and examined the petrology of volcanic rocks with three drillholes in the central and western Snake River Plain (western USA). 

The MH-2 drillhole targeted fractured crystalline and hydrothermally altered basalt in the area of the Mountain Home Air Force Base (Idaho) 

to a total depth of 1821 m. At 1745 m depth the drillhole encountered �owing artesian hydrothermal �uids of at least 150 °C. We integrate 

geological analyses of core, image log, and borehole geophysical data, and in situ stress analyses to describe the structural environment that 

produces permeability for artesian �ow. The rocks in the lower 540 m of the drillhole consist of basalt �ows as much as 30 m thick, altered 

basalt, and thin sedimentary horizons. The mechanical stratigraphy is de�ned by nine mechanical horizons that are in three ranges of rock 

strength on the basis of experimentally determined strength data, core logging, and geophysical log signatures. Hydrothermal alteration 

products and mineralization in the core are associated with three highly faulted sections; the lowermost section is associated with the zone of 

�owing thermal water. Shear slip indicators on faults observed in core indicate slip ranging from pure strike slip to normal failure mechanisms 

in the stronger horizons. The borehole breakouts indicate that the maximum horizontal stress, S
H
, is oriented 047° ± 7°, and drilling-induced 

tensile fractures indicate that S
H
 is oriented at 67° ± 21°. The in situ stress orientations exhibit little variation over the depth of the measured 

interval, but the S
H
 magnitude varies with depth, and is best explained by an oblique normal fault stress regime. The geomechanical model 

indicates that if pore pressures at depth are elevated above the normal hydrostatic gradient, as observed here, the system has the potential 

to deform by mixed normal and strike-slip failure. Our observations and interpretations suggest that the MH-2 borehole was drilled into 

oblique normal faults that intersect a buried 300°-trending fault block masked by the basaltic volcanic complex. These data indicate that the 

transition from the central to western Snake River Plain is characterized by complex structures developed in response to a transitional stress 

state related to Snake River Plain and western Basin and Range stress regimes. The western Basin and Range stress and tectonic regime 

may extend from northern Nevada into western Idaho and may enhance the potential for geothermal resources by creating interconnected 

fracture and fault-related permeability at depth.
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INTRODUCTION

The Snake River Scienti�c Drilling Proj-

ect (International Continental Scienti�c Drill-

ing Program, Project HOTSPOT) examined the 

potential for the presence of commercial geother-

mal energy resources in the central and western 

portions of the Snake River Plain (SRP; Idaho, 

USA) (Nielson et al., 2012, 2014; Shervais, 2014; 

Shervais et al., 2013, 2014a, 2014b). Three bore-

holes were drilled to examine the geothermal 

gradient, in situ �uid chemistry and temperature, 

core geochemistry and lithology, geomechanical 

properties of the core, and borehole stress states 

at sites that exhibit potential for geothermal 

resources. Borehole MH-2 was drilled to a total 

depth (TD) of 1821 m in the western SRP on the 

Mountain Home Air Force Base (MHAFB), near 

Mountain Home, Idaho (Fig. 1) to explore the 

potential of basalt-hosted geothermal systems 

below a thick stratigraphic section of lacustrine 

deposits (Shervais et al., 2013).

Basalt-hosted geothermal systems rely on 

connected fracture and fault networks for �uid 

storage and permeability (Kinslow et al., 2012). 

Connected fractures provide the volume for �uid 

storage, the mechanism of advective heat transfer 

in the �uids, and the permeability required for 

convective heat transfer and production from the 

reservoir (Wohletz and Heiken, 1992). In some 

cases, as few as 10%–20% of the fractures appear 

to provide connected pathways for �ow (Morin 

et al., 1997). Any characterization of a basalt-

hosted geothermal system must therefore identify, 

describe, and model the fracture pathways. At 

depth, fracture permeability is a function of aper-

ture, remnant porosity, strength of �ll minerals, 

elastic properties of the host rock, and orientation 

of fractures relative to the modern stress state.

An integrated analysis of borehole geophysi-

cal data, core, alteration chemistry and petrology, 
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and in situ stress analyses is critical to fully 

understand geothermal systems (Davatzes and 

Hickman, 2010; Blake, 2013), and can have the 

added bene�t of contributing to our understand-

ing of regional structure and tectonics of an area. 

We incorporate the analysis of lithology seen 

in core, logs of fractures and faults, and slip 

indicators on small faults with the stress state to 

suggest a structural geological model based on 

Andersonian mechanics and Coulomb frictional 

faulting theory. This work constrains the con-

ceptual structural and geomechanical model of 

the site that (1) estimates the distribution of criti-

cally stressed faults and fractures that could be 

conduits for �uid �ow, (2) analyzes the potential 

connected fracture networks in the geothermal 

reservoir, and (3) constrains the structural set-

ting of the MH-2 borehole in the SRP.

STUDY AREA

The SRP volcanic province (Fig. 1) is com-

posed of a thick section of mantle-derived basalts 

that erupted in the axial portions of the plain over 

the past 6–8 m.y.; the basalt compositions are 

similar to ma�c oceanic island basalts, like those 

found in the Hawaiian Island chain (Pierce and 

Morgan, 1992; Bonnichsen and Godchaux, 2002; 

Hughes et al., 2002; Pierce et al., 2002; Shervais 

et al., 2002). Extensive rhyolite deposits are pres-

ent along the margins of the plain and have been 

sampled below the basalts in several deep wild-

cat oil and gas drillholes. The rhyolites form by 

extensive fractionation of hotspot-related basalt 

magmas in the lower to middle crust, along with 

the partial assimilation of that crust (McCurry et 

al., 2008; McCurry and Rodgers, 2009; Knott et 

al., 2016). The volcanic sequences record a com-

plete record of volcanism from ca. 17 Ma to 200 

ka in the west and volcanism as young as 2 ka in 

the east (Bonnichsen et al., 2008; Shervais and 

Hanan, 2008). The SRP is a region of high heat 

�ow (Blackwell, 2012) sourced from emplace-

ment of a large amount of basaltic magma in the 

deep to intermediate-depth crust (Nielson and 

Shervais, 2014).

The western SRP is a structural basin that 

trends ~300° and intersects the ~56°-trending 

eastern SRP at a high angle (Shervais and Hanan, 

2008; Wood and Clemens, 2002) near the MH-2 

drill site. The western SRP is bounded in part 

by faults that appear to be a result of a com-

plex interaction of the SRP hotspot, Basin and 

Range extension beginning ca. 12 Ma (Shervais 

et al., 2002; Wood and Clemens, 2002), and 
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Figure 1. Generalized geologic map of the Mountain Home drill site and surrounding region, Snake River Plain, Idaho. The area is dominated by Quater-

nary (Q) basalt �ows and west-northwest–striking faults along the northern margin of the area. Major volcanic vents and the location of key boreholes 

are also shown. (Map data are from Shervais et al., 2005 and Shervais and Vetter, 2009.)

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/9/3/476/999176/476.pdf
by guest
on 06 July 2021



KESSLER ET AL.

478 www.gsapubs.org | Volume 9 | Number 3 | LITHOSPHERE

subsidence of the SRP. Basin-bounding, high-

angle normal faults with offsets of as much as 

~2750 m (Malde, 1991; Fig. 1) trend northwest-

southeast. The Miocene to Pliocene paleo–Lake 

Idaho developed in the northwest-trending gra-

ben, which extended from the central SRP in 

the southeast to the Idaho-Oregon border in the 

northwest. Approximately 600 m of lacustrine 

sediments accumulated over Miocene volca-

nic rocks (Ruez, 2009). At present there is no 

geochronologic control on the age of basalts 

reached in the MH-2 hole. The basal sediments 

of Lake Idaho (Chalk Hills Formation) are 

11.3–9.5 Ma (Wood and Clemens, 2002). The 

northeastern boundary of the basin is de�ned 

by range-front faults generally oriented 300°, 

as are regional faults exposed within the basin 

(Breckenridge et al., 2003). Small-offset faults 

near the MH-2 borehole (Fig. 1; Shervais et al., 

2002, 2014a; Shervais, 2014) form in two clus-

ters, one oriented ~300°, consistent with the 

range-front faults, and the other oriented 275° 

(Fig. 1). Faults on the plateau to the north are 

oriented more northward at 340°, and are consis-

tent with faults mapped in the Idaho Batholith to 

the northeast (Breckenridge et al., 2003).

Near Mountain Home, the western SRP is 

underlain by a highly elongate elliptical grav-

ity high with a 300°-trending long axis that 

is subparallel to the axis of the plain (Kucks, 

1999; Wood and Clemens, 2002). The continu-

ous gravity anomaly beneath the entire west-

ern SRP is interpreted as a fault-bound, intra-

basinal 20–30-km-wide horst delineated from 

seismic data that cross the plain in the area near 

Boise, Idaho (Wood, 1994; Wood and Clemens, 

2002; Shervais and Hanan, 2008). The gravity 

anomaly could be the result of ma�c intrusions 

into the crust during rifting and the extrusion of 

related magmas onto the surface prior to depo-

sition in Lake Idaho (Glen and Ponce, 2002; 

Shervais et al., 2002). The MH-2 borehole was 

sited along the southwest margin of the anomaly 

where the gravity gradients are steepest (Sher-

vais et al., 2013, 2014a; Shervais, 2014; Glen 

and Bouligand, 2014), the objective being to 

intercept suspected high-angle normal faults on 

the margins of the proposed horst block. Our 

exploration hypothesis was to test if the bound-

ary of the central horst block is a zone of high 

�uid conductivity and convective heat �ow that 

creates the prospect for geothermal development 

(Faulds et al., 2011). This paper examines the 

structural geology and tectonic implications of 

observations of the geology and in situ stresses 

measured in the borehole.

Three boreholes drilled near MHAFB pre-

vious to MH-2 provide insight into the mod-

erate-depth stratigraphy and structure across 

the western SRP (Fig. 1; Shervais et al., 2002; 

Varriale, 2016). The Bostic-1A drillhole is a 

2949 m wildcat oil and gas exploration dry hole 

drilled in 1974 ~35 km east of MH-2 (Arney et 

al., 1982, 1984). It was drilled through alter-

nating beds of sediment and basalt, and into 

felsic rhyolites from ~2200 m to TD in gra-

nitic rocks (G.E. Cambell, 1974, unpublished 

well log; Idaho Geological Survey, http://www 

.idahogeology .org /Data /Oil _Gas _Scans /1972 -03 

/1972 -03 _LOG _HCA _LITH_2.pdf) with a bot-

tom hole temperature of 193 °C (thermal gradi-

ent of 66 °C/km). Arney et al. (1982, 1984) pro-

posed that normal faults along basin-bounding 

faults to the northeast provided accommodation 

space for the volcanic deposits, but did not pro-

vide details on fault geometries due to their work 

with cuttings instead of whole core. The MH-1 

geothermal exploration borehole was drilled 

on the MHAFB in 1985 to a depth of 1342 m 

(Lewis and Stone, 1988). The MH-1 borehole 

penetrated ~580 m of lacustrine sediments with 

minor intercalated basalts, followed by a thick 

section of basalt from 580 m to TD (Lewis and 

Stone, 1988). The borehole was cored from 404 

m to TD, where a bottom hole temperature of 

95 °C was recorded. Lewis and Stone (1988) 

described 13 faults that dip ~45° and are par-

tially mineralized with calcite, quartz, chlorite, 

pyrite, and chalcopyrite, but did not describe 

non-offset fractures. The Anschutz Federal No. 

1 borehole is ~40 km west-southwest of MH-2, 

near the southwestern basin-bounding normal 

fault along the Owyhee Plateau (McIntyre, 1979). 

The borehole was logged from cuttings, so fault 

and fracture data are not available. The litholo-

gies include a thick lacustrine sedimentary unit 

overlying rhyolite with basalt. Hydrothermal 

alteration concentrated in places indicates that 

the rocks are highly faulted and fractured in the 

borehole. The borehole hit basement granite near 

TD and may be a result of the borehole crossing 

a dipping normal fault and penetrating the base-

ment in the footwall of the fault.

Borehole MH-2 was drilled on the MHAFB 

between June and December 2011 (Delahunty 

et al. 2012, 2014; Shervais et al., 2012, 2014a). 

The MH-2 borehole was drilled with diamond 

drill wireline coring methods using a truck-

mounted Atlas Copco 4002 diamond drill rig (by 

DOSECC Exploration Services LLC; Delahunty 

et al., 2014). Borehole MH-2A was abandoned 

at 599 m due to stuck drill rods, and a new hole, 

MH-2B, was drilled 7 m from the �rst. MH-2B 

was rotary drilled to 619 m, where diamond core 

wireline drilling recommenced. Core recovery 

was >96% (core recovered/cored interval). The 

HQ3 size core (61.1 mm diameter) was recov-

ered from 619 m to 1144 m depth; NQ core (47.6 

mm diameter) was acquired from 1144 m to TD 

(Fig. 2). The TD in December 2011 was 1676 

m. A wireline log was acquired in January 2012, 

after which additional funds allowed drilling to 

continue to 1821 m depth. At 1745 m depth, an 

artesian geothermal aquifer was encountered 

with a temperature of at least 150 °C (Lachmar 

et al., 2012; Freeman, 2013; Nielson et al., 2012, 

2014), indicating that the hole encountered the 

overpressured geothermal �uids at the base.

METHODS

We de�ne the 540 m between 1281 m to total 

depth (TD) of 1821 m as the zone of interest 

(ZOI) in this study of MH-2. Wireline bore-

hole geophysical logs measured properties of 

the rocks from the top of the ZOI to a depth 

of 1662 m. Wireline tools were not run deeper 

due to the high temperatures encountered in the 

base of the hole. Analyses of the wireline sonic 

image data and experiments to determine static 

and dynamic elastic properties were presented 

in Kessler (2014). In this study we analyze the 

fracture and stress data using Anderson mechan-

ics and Coulomb frictional faulting theory to 

develop a structural model. (For further geologic 

interpretations for the area, see Kessler, 2014; 

Atkinson, 2015; and Varriale, 2016.)

Lithology, Fracture, and Fault Core Logging

A detailed core characterization was com-

pleted over the ZOI in MH-2 from 1280 m to the 

TD of 1821 m and includes descriptions of the 

lithology, fracture characteristics, shear failure 

indicators, and sampling for mechanical proper-

ties testing. We describe the lithologies and the 

nature of major lithologic boundaries and focus 

on the rock units (crystalline basalt, altered 

basalt, reworked basaltic sediments, basalt brec-

cia, and hyaloclastite, a volcanic breccia formed 

by eruption into water or ice). Basic lithological 

descriptions of the core include observations of 

textures, groundmass, and phenocrysts. When 

applicable, vesicles and/or amygdules were 

described by distribution, size, and �ll type. 

Alteration of basalt minerals to clay is described 

by the full width at half maximum in X-ray dif-

fraction analyses, a measure of the diffracting 

domain size of the clays. The method is used to 

identify the controlling factors for alteration of 

volcanic glass, pyroxene, or plagioclase to clay 

under the particular altering environment, either 

weathering or hydrothermal alteration (Walker 

et al., 2014). Fractures were characterized by 

type (natural or induced), morphology (planar, 

curved, sealed, broken, or open), and mineral 

�ll (calcite, quartz, zeolites, sul�des, or clay). 

Dip was measured with a digital protractor per-

pendicular to the local strike line de�ned by the 

perpendicular to the core axis. On open fractures, 
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the fracture faces were examined for evidence 

of shear slip in the form of slickenlines and the 

rake of slickenlines was measured as the orienta-

tion of slip relative to the maximum dip direc-

tion of the fracture face. Because the borehole 

was essentially vertical, the angle between the 

core axis and any planar feature is equivalent to 

the dip angle. The core is unoriented, and thus 

fracture strike cannot be determined. Orienta-

tions can be determined where planar features 

can be correlated with borehole image logs.

Borehole Geophysical Data

A range of different geophysical logs was 

acquired in the MH-2 borehole, and the ultra-

sonic borehole televiewer (BHTV) is most 

germane to this contribution. The BHTV log 

(Zemanek et al., 1969) has evolved signi�cantly 

from analog to digital recording technology, but 

the underlying operating principle remains the 

same. A tool centralized in the borehole emits 

a sequence of ultrasonic pulses centered near 1 

MHz that propagate through the wellbore liquid 

to the borehole wall, where they are re�ected 

back to receivers. The amplitude and the two-

way transit time are extracted from the return-

ing pulse (e.g., Schmitt et al., 1992); the former 

contains information on the acoustic re�ectivity 

of the borehole wall while the latter provides a 

direct measure of the distance to the borehole 

wall. During operation, the borehole is scanned 

by rotating the ultrasonic beam around the bore-

hole axis while the tool is pulled up the borehole. 

In an open hole the azimuth, q, of the beam with 

respect to magnetic north is also measured using 

magnetometers. The values of the re�ected 

amplitudes and the pulse transit times are then 

mapped with respect to both q and depth, z, to 

create two unwrapped images for interpretation. 

(For a comprehensive review of this topic, see 

the compilation in Pöppelreiter et al., 2010.)

Open-hole wireline logging was carried out 

by the International Continental Scienti�c Drill-

ing Program (http://www.icdp-online.org) Oper-

ational Support Group from 1144 m to 1676 m 

depth in early 2012. Poor borehole stability 

through the lacustrine sediments above this 

depth precluded logging higher in the borehole. 

Logs acquired are electrical, natural and spec-

tral gamma, resistivity, magnetic susceptibility, 

temperature, dip, spontaneous potential, and 

sonic (Schmitt et al., 2014). Additional tempera-

ture logs were run by Paci�c Process Systems, 

Inc. Unfortunately, in that campaign ultrasonic 

BHTV images could not be obtained because the 

temperatures in the open-hole section exceeded 

the available tool’s operational limits. An addi-

tional opportunity to obtain BHTV images arose 

after deepening of the borehole in late 2012. A 
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further suite of logs was obtained using higher 

temperature logging tools by Southwest Explo-

ration Services LLC. A complete set of BHTV 

log (Advanced Logic Technologies Facsimile 

40 image processing software; www.alt.lu/) 

generated images that were acquired downward 

from 1286 m measured depth (md) to 1596 m 

md, where the image logging tool encountered 

a blockage at a point where temperatures had 

already exceeded the higher temperature tool 

design. The resulting acoustic image has a nomi-

nal lateral resolution of 5 mm horizontally. The 

vertical resolution depended on logging speeds 

that were as much as 2 m/min in the lower, hot-

ter portions of the wellbore.

Planar features appear as sinusoids on the 

unwrapped image logs. We used WellCad soft-

ware (https://www.alt.lu/software.htm) to map 

the sinusoids and determine the azimuthal bear-

ing, dip angle (δ), and aperture of the fractures. 

An unavoidable and long standing geometric 

problem is that a vertical borehole will gener-

ate a biased sampling of fractures that is a func-

tion of the core–fracture set angle (see Appen-

dix 1). This geometric issue biases the observed 

count Rδ of the number of fractures dipping at δ 

to heavily weight shallowly to moderately dip-

ping fracture planes, and depending on the frac-

ture spacing and the length of the observation 

wellbore there may be fracture sets that cannot 

be seen. These are said to fall within the blind 

zone (Terzaghi, 1965), where

 N N
90
=

δ
δ/ cos , (1)

where N
90

 is the expected count number of frac-

tures with dip δ. We apply a weighting factor, W, 

to orientation and fracture density data in order 

to correct the data for this bias (Priest, 1993; see 

Appendix 1 for details).

Mechanism of Shear Failure

The western SRP is a fault-bound basin that 

may be the result of complex faulting in the 

hanging wall of the graben (Westaway, 1990; 

Zhang et al., 1991; Rouby et al., 1996; Avigad et 

al., 1998; Boulton and Robertson, 2008; Trench, 

2008). Wood (1994) (and Shervais et al., 2002) 

suggested the presence of intrabasinal normal 

faults (Fig. 2) based on seismic re�ection data 

and the regional positive gravity anomaly. Low 

core recovery in the artesian �ow zone at 1745 

m md (<50%) suggests that there is signi�cant 

large-aperture permeability at depth. We iden-

tify fault zones by de�ning groups or clusters 

of shear failure indicators in core. We used ori-

ented fracture data from BHTV image logs and 

slip vector data from slickenlines to suggest a 

model for failure in MH-2. While the core is not 

oriented, the relationship between the relative 

rake and the dip of the fault constrains the rela-

tive motion along the fault plane. The relative 

rake of slickenlines suggests a mode of failure 

based on the angle of dip of the fault. High-angle 

faults with low-rake-angle slickenlines indicate 

a dominant strike-slip motion on the fault, and 

high-angle faults with high-rake-angle slick-

enlines indicate dominant dip-slip motion. We 

relate the fracture and slickenline orientations 

to the possible range of stress orientations and 

magnitudes to suggest the mode of failure in the 

fault zones in MH-2.

RESULTS

MH-2 Borehole Lithology

The lithologies in MH-2 represent a history 

of volcanism, lacustrine deposition, hydrother-

mal alteration, and deposition of basaltic sedi-

ments. Crystalline basalts are often in sharp con-

tact with hyaloclastites, hydrothermally altered 

basalt, and/or reworked basaltic sediments. The 

Mountain Home drill section consists of an 

upper basalt with minor interbedded sediments 

between 0 and 215 m md, which overlies inter-

bedded sand, clay, minor gravel, and thin basalt 

layers at 215–860 m md (Fig. 2). From 850 m to 

1250 m md, basalt horizons alternate with sand-

stone, gravels, and volcanic ash. Below 1250 m 

md the section consists of basalt �ows, basalt 

hyaloclastites, and minor amounts of basaltic 

sands that are compact and well indurated but 

less dense than massive basalt (Fig. 2). We focus 

on the lower 540 m of core, which we call the 

ZOI (Figs. 2 and 3), that is marked at the top by 

the presence of thick aphanitic light gray basalt. 

The upper ~150 m of the ZOI consists of thin 

beds of alternating crystalline basalt with altered 

or reworked units. The lower part of the ZOI, 

from 1430 m to TD, consists of thicker packages 

of crystalline basalt interbedded with discrete 

packages of altered and reworked basalt.

We identify 42 discrete crystalline basalt 

�ows (Fig. 3B; Table 1) that vary from 1.5 m 

to 19 m in thickness, 4 zones of hydrothermally 

altered basalt, 2 intervals of reworked basal-

tic sediments, and 6 zones of basaltic breccia 

within the lower 540 m of the MH-2 borehole 

(Figs. 3 and 4; Table 1). Several of the litho-

logic horizons are too thin to be shown in Fig-

ure 3B. These �ows and sedimentary deposits 

fall into one of �ve lithologic groups (Fig. 3B). 

The unaltered basalt consists of two types; a 

light gray coarse-grained basalt and a dark gray 

to black, aphanitic basalt (Figs. 4A, 4B). The 

basalt �ows exhibit varying degrees of vesicle 

concentration, phenocryst size, veins, and types 

of vein and vesicle �ll (Varriale, 2016) and bulk 

densities (Table 2). Vesicles are open or �lled 

with clay, calcite, quartz, or zeolite. Plagioclase 

phenocrysts vary in size from microscopic to 10 

mm in length. Veins are variable in complexity 

and location, and are usually �lled with quartz 

or calcite, but may also contain chlorite, pyrite, 

chalcopyrite, or zeolite (Walker et al., 2014; 

Atkinson, 2015; Varriale, 2016).

Other lithologies in the core consist of a 

series of altered and reworked basalt that are 

characterized by (1) hydrothermally altered 

basalt, (2) hydrothermal breccias, (3) hyaloclas-

tite, and (4) basaltic sandstones (Figs. 4C–4F). 

Hydrothermally altered basalt consists of gray-

green basalt with pyrite, an abundance of vuggy 

pore space, chlorite, clay minerals, and numer-

ous high-gloss sheared surfaces. Hydrothermal 

breccias consist of angular basalt fragments 

TABLE 1. LITHOLOGY DEPTHS DETERMINED 
FROM CORE

Top depth 
(m)

Bottom depth 
(m)

Lithology

1281.00 1281.92 Lt Bst

1281.92 1287.71 Dk Bst

1287.71 1289.24 Lt Bst

1289.24 1293.81 Dk Bst

1293.81 1296.86 Lt Bst

1296.86 1301.44 Dk Bst

1301.44 1305.10 Lt Bst

1305.10 1313.64 Dk Bst

1313.64 1325.84 Lt Bst

1325.84 1330.72 Dk Bst

1330.72 1342.92 Bst Bcc

1342.92 1347.19 Dk Bst

1347.19 1365.79 Alt Bst

1365.79 1381.35 Bst Bcc

1381.35 1385.92 Bst Sed

1385.92 1388.97 Alt Bst

1388.97 1394.46 Dk Bst

1394.46 1395.38 Lt Bst

1395.38 1398.43 Dk Bst

1398.43 1405.75 Alt Bst

1405.75 1408.19 Dk Bst

1408.19 1433.50 Lt Bst

1433.50 1435.94 Dk Bst

1435.94 1442.35 Lt Bst

1442.35 1451.50 Dk Bst

1451.50 1484.13 Dk Bst

1484.13 1518.60 Bst Bcc

1518.60 1530.19 Alt Bst

1530.19 1558.55 Lt Bst

1558.55 1560.69 Dk Bst

1560.69 1592.41 Lt Bst

1592.41 1604.91 Dk Bst

1604.91 1665.30 Lt Bst

1665.30 1708.61 Dk Bst

1708.61 1722.03 Bst Bcc

1722.03 1732.40 Alt Bst

1732.40 1738.50 Bst Sed

1738.50 1748.57 Bst Bcc

1748.57 1770.53 Lt Bst

1770.53 1776.02 Dk Bst

1776.02 1797.98 Lt Bst

1797.98 1804.69 Bst Bcc

1804.69 1822.68 Dk Bst

Note: Lt Bst—light gray basalt; Dk Bst—dark gray 
basalt; Bst Bcc—basaltic breccia; Alt Bst—altered 
basalt; Bst Sed—basaltic sediments.
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forming stockwork veins �lled with calcite, 

quartz, chlorite, and zeolite. These breccias are 

interpreted as evidence for steam explosions 

caused by con�ned high-temperature hydrother-

mal �uids (Nielson and Shervais, 2014; Nielson 

et al., 2014). This interpretation is supported by 

�uid inclusions with equilibration temperatures 

in excess of 340 °C (Atkinson, 2015).

Hyaloclastites consist of glassy subangular 

to rounded basalt fragments, which are com-

monly altered to clay-rich assemblages. These 

may represent the �ow of subaerial basalts into 

standing bodies of water (e.g., pillow-dammed 

river channels; Howard et al., 1982) or the 

eruption of basalt into paleo–Lake Idaho (e.g., 

Jenks and Bonnichsen, 1989; Godchaux et al., 

1992; Bonnichsen and Godchaux, 2002). The 

basaltic sandstones appear to represent largely 

reworked hyaloclastites, formed by rapid ero-

sion and resedimentation of hyaloclastites as 

lava �owed into active river channels.

Fractures and Faults

A strong association between the distribu-

tion of fractures in the MH-2 borehole and the 

lithological boundaries can be seen in the data 

(Fig. 3) where highly fractured, brittle crystal-

line basalt rocks are juxtaposed against ductile 

hyaloclastite or altered and/or reworked basalt 

units. We logged a total of 1701 natural fractures 

and faults in the core over the ZOI between 1280 

and 1821 m md (Figs. 5 and 6; Supplemental 

Table DR11). Natural fractures in the core have 

a range of expressions (Fig. 5), and include 

open, closed, sheared, and mineralized natural 

fractures. Simple fractures are closed to slightly 

open (Fig. 5A) planar fractures, typically with a 

thin darker coloration than the host rock, or with 

millimeter-thick chlorite ± calcite ± zeolite coat-

ings (Fig. 5B). Veins in the core are relatively 

planar fractures with millimeter- to centimeter-

thick calcite and zeolite �ll (Fig. 5C), or are 

1–10-cm-thick regions of veins with a brecci-

ated texture. There are 5 regions of high natural 

fracture density, 20–60 m thick, that correlate 

between the lithologies and bulk densities in 

the core (Fig. 3).

Fracture and fault surfaces are commonly 

mineralized by calcite, amorphous silica, or 

�ne-grained alteration products (Fig. 6). Thin 

faults and fracture coatings of �ne-grained clay 

± calcite (Figs. 6A, 6B) appear in the wall rock 

away from the fracture surface, indicating that 

1 GSA Data Repository Item 2017171, which contains 
Supplemental Table DR1: Fault and fracture orientation 
data from core, and Supplemental Table DR2: Natu-
ral fracture orientations and apertures, is available at 
http://www.geosociety.org/datarepository/2017, or on 
request from editing@geosociety.org.

alteration penetrated the host rock. In other 

places large euhedral calcite grains (Figs. 6C, 

6D) indicate the presence of relatively large 

open-mode fractures during mineralization. 

Fracture apertures are mostly between 0 and 10 

mm (Fig. 7A) and the upper 300 m of the ZOI 

exhibit a wide range of apertures, whereas in the 

lower 100 m the apertures are <10 mm (Fig. 7B). 

Fracture dips are widely dispersed (Fig. 3D) and 

exhibit no orientation concentrations.

In the range from 1286 m to 1596 m md, we 

interpreted 286 natural fractures and 245 drill-

ing-induced fractures imaged with the acoustic 

A B C D E F

Figure 4. Examples of the lithologies observed in the lower 880 m of the MH-2 borehole. The blue and 

red vertical lines indicate core orientation: red is to the right to indicate that up is to the top of the 

page in all cases. (A) Light colored porphyritic basalt. (B) Dark gray aphanitic basalt. (C) Hydrothermally 

altered basalt. (D, E) Brecciated basalts that exhibit calcite veins, zones of chloritic alteration, and 

zones of mineralization. (F) Sedimentary facies with subhorizontal bedding in the middle of the core.

TABLE 2. LABORATORY DETERMINED ROCK 
DENSITY DATA

Depth 
(m)

Density 
(g/cm3)

1284.6 2.78

1293.2 2.66

1305.6 2.68

1313.3 2.56

1326.1 2.95

1343.3 1.94

1350.9 2.99

1358.6 2.83

1376.3 1.86

1389.9 2.40

1412.6 2.80

1420.6 2.11

1429.3 2.81

1437.5 2.73

1444.6 2.73

1463.2 2.78

1477.5 2.94

1482.2 3.04

1488.9 3.05

1501.8 3.04

1506.6 3.03

1517.6 2.96

1521.3 2.21

1537.5 2.27

1545.2 2.32

1555.7 2.21

1562.0 2.08

1574.4 2.11

1578.8 2.92

1592.2 2.88

1599.4 2.85

1598.4 2.79

1608.4 2.87

1618.0 2.79

1632.3 2.83

1648.6 2.83

1645.7 2.90

1654.7 2.98

1679.5 2.99

1702.0 3.04

1722.0 3.01

1737.3 2.99

1757.4 3.01

1773.2 3.03

1792.2 2.26

1805.7 1.83

1824.8 1.88

1828.2 2.72

1859.3 2.68

Note: Data acquired at the Rock Physics Lab, 
Institute for Geopysical Research, Department 
of Physics, University of Alberta, Edmonton.
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Figure 6. Photomicrographs of fracture �ll from the zone of interest in the MH-2 drillhole. (A) Plane polarized light photo micro-

graph of fractured aphanitic basalt from 1676.4 m depth. Throughgoing fracture consists of clayey alteration material and 

calcite (AB + CC) with distributed zones of alteration in the basalt groundmass. (B) Cross polarized light photomicrograph 

of the same thin section shown in A. (C) Plane polarized light photomicrograph of brecciated basalt from 1736 m depth. 

The photomicrograph features abundant calcite fracture and vein �lling (CC) that is superposed on altered basalt (AB) and 

crystalline basalt (XB). (D) Cross polarized light photomicrograph of the same thin section shown in C.

Plane Polarized Light Cross Polarized Light

1676 m

MH-2 5500.15

1736 m

MH-2 5695.4

Legend:      CC = Calcite      AB = Altered Basalt      XB = Crystalline Basalt

CC

AB

XB

AB+CC

AB+CC

2 mm

2 mm 2 mm

2 mm

A B

C D

A B C D E

Figure 5. Examples of frac-

tures and vesicles in the 

MH-2 core. (A) Relatively 

simple subvertical fractures 

are planar and typically 

coated by thin dark min-

eral coatings. (B) Simple 

minera l ized  f ractures 

characterized by planar 

millimeter- to centimeter-

thick calcite ± zeolite veins. 

(C) Complex fractures with 

multiple layers, crosscutting 

mineralized fractures, and 

breccia zones. (D) Zeolite-

coated fracture surfaces. (E) 

Calcite ± pyrite in fractures 

and vesicles.
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image tool (Fig. 3E; Supplemental Table DR2; 

Tables 3, 4A, and 4B). The BHTV results cor-

respond well with the density and orientations of 

fractures logged in core (Figs. 3C–3F). Where 

possible we correlated the core-logged frac-

tures with the BHTV imaged fractures and in 

many cases we were able to match the struc-

tures. Zones of increased fracture densities 

were imaged at 1286–1354, 1380–1483, and 

1531–1596 m md. Fractures are concentrated in 

three general orientations (Fig. 3G): 290°/55°N, 

060°/60°SE, and 135°/55°SW. We also observed 

zones of increased fracture densities below the 

reach of the BHTV data at 1680–1705 m md 

and 1750–1820 m md. The BHTV logs seem 

to undersample shallowly dipping fractures (cf. 

Figs. 3D, 3F), which may be due to dif�culty in 

distinguishing lithologic boundaries and surfaces 

from fractures in the acoustically derived logs.

We applied a Terzaghi correction to the 

BHTV orientation data (Fig. 3I) for a 90° plung-

ing borehole with a weighting factor of 15 

(which corresponds to a core-fracture angle of 

~3.8°; see Appendix 1 for details). The modeled 

data suggest that fractures in the rocks fall into 

four zones with approximate strikes and dips 

of 285°/65°N, 060°/65°SE, 150°/60°W, and 

250°/85°N. Applying the same weighting factor 

to the fracture densities measured in core would 

result in fracture densities that are increased 

by 30%–50% above those shown in Figures 

3C and 3E. Many of the fractures that might 

remain undersampled by the core and BHTV 

likely are cooling fractures in the basalts com-

mon throughout the area (Shervais et al., 2002).

We logged 166 faults in the core. Faults are 

recognized by the presence of slickenlines and 

high gloss surfaces (Fig. 8). We observed struc-

tural slickenlines and mineral lineations in the 

core (Figs. 8C, 8D). Structural slickenlines on 

the fault surfaces are carved grooves in the fault 

faces, whereas mineral lineations are those that 

are a result of smearing of mineral grains during 

slip events. At the core scale, the fault zones are 

associated with zones of altered basalt, reworked 

basaltic sediments, basaltic breccias, and hyalo-

clastites. The faults are clustered around the duc-

tile units, but faults are also present in the brittle 

units directly above and beneath the ductile units 

and suggest a structural component to the ductile 

caprock and brittle reservoir unit combination.

The fault planes cluster in four horizons of 

fault concentrations (Fig. 9) that broadly cor-

respond to the location of the stiffer units as 

de�ned by the bulk density (Fig. 3C; Table 2) 

as well as rock mechanics data (Kessler, 2014). 

Fault dips and slip rake angles vary randomly 

with depth (Fig. 9). The mean fault dip is 45.9° 

with a wide dispersion (Fig. 10A) and the dips 

are bimodally concentrated at ~30° and at 50°–

60° (Fig. 10A). The slip vectors are strongly 

oblique; most of the rake values are between 0° 

and 60° (Fig. 10A) with a mean of 35.6° skewed 

to the shallow values (Fig. 10A). No correlations 

exist between the dip of the fault and the rake of 

the slip vectors (Fig. 10B), although there is a 

weak clustering of shallow rakes for fault dips 

between ~30° and 65° (Fig. 10B).

We cannot determine the amount of offset 

along the faults in a single borehole, but the 

distinct change in lithology from weak, compli-

ant units to strong, stiff units that we interpret 

as a potential cap rock–reservoir structural and 

stratigraphic relationship and the clustering of 

shear slip surfaces near those contacts suggests a 

large enough amount of offset in the fault zones 

to juxtapose the lithologic units and create a 

structural trap for hydrothermal �uids. The wide 

distribution of slip angles (Fig. 10) on the shear 

surfaces indicates oblique failure in the fault 

zones and suggests a complex fault zone.

Stress Orientations

Principal horizontal stress axes orientations 

are identi�ed through interpretation of borehole 

breakouts and drilling-induced tensile fractures 

in ultrasonic acoustic borehole televiewer data 

(Fig. 11). We determined the orientations of 196 

borehole breakouts (Fig. 12; Table 4A) and 245 

drilling-induced tensile fractures (Table 4B). 

The borehole breakout fractures are centime-

ter-scale open fractures that are subvertical and 

180° apart on the borehole wall (Fig. 12). The 

drilling-induced fractures are thin, irregularly 

shaped, and discontinuous. The breakout ori-

entations are consistent over the entire depth of 

the ZOI (Figs. 12A and 13). The region between 

1280 and 1401 m md exhibits a mean breakout 

orientation of 316.8°, with a standard deviation 

of 34° (Fig. 12B); the region between 1401 and 

1450 m md is devoid of breakouts, and from 

1450 m md to TD the mean breakout value is 

315.4° ± 13.76°, with a slight drift to a more 

west-northwest orientation at depth (Figs. 12C 

and 13). These data are consistent over the sam-

pled interval of the ZOI and indicate a consistent 

maximum principal horizontal stress (S
H
) direc-

tion of 045°–047° (Fig. 12A).

The maximum principal horizontal stress 

oriented at ~047° is nearly perpendicular to the 
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Figure 7. Aperture data for frac-

tures measured in core and from 

the acoustic image log data. (A) 

Histogram of the fractures in the 

MH-2 drillhole. Most fractures 

have apertures <10 mm. (B) Frac-

ture aperture as a function of depth 

and lithologic unit, for apertures to 

20 mm. The few open fractures lie 

in the upper parts of the zone of 

interest, and there is little correla-

tion between basalt types.
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TABLE 3. NATURAL FRACTURES LOGGED FROM THE BHTV DATA

Unit Depth 
 (m)

Azimuth 
(°)

Strike 
(°)

Dip 
(°)

Aperture 
(mm)

Type

9 1287.8 222.54  132.54  60.62 16.53 1

9 1293.4  350.94  260.94  30.96 4.08 2

9 1294.6  172.91 82.91  60.95 2.31 2

9 1295.1 66.17  336.17  48.44 3.16 2

9 1295.4 260.74  170.74  48.44 3.24 2

9 1296.3 44.90  314.90  41.61 2.74 2

9 1298.3 321.79  231.79  48.44 3.16 3

9 1299.6 51.60  321.60  46.56 8.23 3

9 1300.4 18.91  288.91  43.11 3.56 2

9 1300.8  354.88  264.88  19.80 7.92 2

9 1302.3  354.88  264.88  52.35  10.29 1

9 1303.4  350.94  260.94  41.61 2.74 2

9 1307.8  194.57  104.57  51.83 2.19 3

9 1308.1 29.93  299.93  51.83 5.13 3

9 1314.9 25.60  295.60  40.43 7.25 2

9 1315.2 35.45  305.45  40.43 6.32 2

9 1316.0 14.18  284.18  36.65  13.77 1

9 1316.3  148.49 58.49  51.30 6.29 2

9 1316.9  356.06  266.06  47.50  13.77 1

9 1319.3  177.24 87.24  71.63 5.31 1

9 1319.5  353.70  263.70  53.60 7.10 1

9 1321.0  224.51  134.51  59.43  13.47 1

9 1321.9 29.93  299.93  38.77 2.76 2

9 1321.9 27.18  297.18  38.77 2.86 2

9 1322.1  296.59  206.59  61.27 4.05 1

9 1324.1 25.60  295.60  47.83 5.65 2

9 1324.3 24.42  294.42  44.54 2.61 2

9 1324.4 21.27  291.27  39.21 7.47 1

9 1324.7 14.57  284.57 7.51  13.19 1

9 1324.9  100.44 10.44  16.07 5.21 1

9 1325.1  338.34  248.34  16.07 3.92 2

9 1325.9  5.91  275.91  35.76 7.73 1

9 1326.7  106.35 16.35  42.36 6.22 2

9 1327.6  293.83  203.83  41.59  47.57 1

9 1328.8 16.94  286.94  25.06  11.94 1

9 1328.9 13.00  283.00  25.06  23.89 1

9 1329.7  180.00 90.00  51.83 5.21 2

9 1330.0  356.46  266.46  34.40 6.95 1

9 1330.1 11.82  281.82  34.40 6.95 1

9 1331.1  326.91  236.91  28.89  11.54 1

9 1331.3  3.54  273.54  28.89  11.54 1

9 1335.2 88.23  358.23  52.59 2.89 2

9 1335.3 61.84  331.84  64.91 2.02 2

9 1335.9  354.88  264.88  30.99 4.19 2

9 1336.0  356.46  266.46  30.99 4.19 2

9 1336.5  231.60  141.60  69.59 4.60 3

9 1336.8  192.60  102.60  55.21  10.31 3

9 1337.4  352.12  262.12  27.83 7.45 4

9 1337.4 20.09  290.09  27.83 2.05 4

9 1339.3 14.57  284.57  55.23 4.80 1

9 1340.7 10.24  280.24  49.62  19.32 1

9 1344.7  354.88  264.88  40.39 3.72 2

9 1345.3  146.52 56.52  44.54 3.72 2

9 1345.5  250.90  160.90  73.20 4.97 1

9 1345.6  243.81  153.81  73.86 1.36 2

9 1345.7  153.61 63.61  47.83 2.40 2

9 1345.8  222.93  132.93  58.88 4.35 2

9 1346.2  339.91  249.91  46.56 2.43 3

9 1346.4  271.38  181.38  62.34 4.48 3

9 1346.7  308.01  218.01  40.03 113.01 1

9 1348.6  313.52  223.52  74.28 2.28 4

9 1352.1  174.49 84.49  60.62 8.26 4

9 1354.0  195.36  105.36  64.66  10.81 4

8 1366.0  196.54  106.54  76.75 4.67 4

8 1368.0  196.54  106.54  67.17 6.53 4

7 1380.4  124.46 34.46  61.89 4.54 3

7 1380.9  163.06 73.06  71.84 4.11 2

7 1381.2  313.13  223.13  70.55 2.80 4

7 1381.2 29.93  299.93  25.06 1.11 2

7 1381.3  216.24  126.24  59.95 8.44 2

7 1381.4  246.56  156.56  52.87 5.08 2

7 1381.6  245.38  155.38  35.72 7.50 2

(continued )

TABLE 3. NATURAL FRACTURES LOGGED FROM THE BHTV DATA (continued )

Unit Depth 
 (m)

Azimuth 
(°)

Strike 
(°)

Dip 
(°)

Aperture 
(mm)

Type

7 1381.7 22.84  292.84  35.76 5.00 2

7 1381.7 33.87  303.87  28.90 5.50 2

7 1387.2  154.79 64.79  60.62 6.53 1

7 1387.5  117.37 27.37  28.40 3.22 2

7 1387.6 27.18  297.18  54.54 7.65 1

7 1389.0  227.26  137.26  33.88  30.91 1

7 1391.2 11.82  281.82  65.40 1.52 4

7 1391.2  286.74  196.74  69.43 6.95 1

7 1391.3  267.44  177.44  76.31 1.97 3

7 1395.5 16.15  286.15  60.62 2.40 2

7 1395.7 34.27  304.27  58.12 8.83 2

7 1396.1  344.64  254.64  63.89 1.61 2

7 1396.3 26.00  296.00  59.59 1.79 2

7 1396.4 37.02  307.02  55.66  95.43 1

7 1396.6 25.60  295.60  66.75 8.53 1

7 1396.8 69.32  339.32  59.59  13.35 1

7 1397.2 31.51  301.51  62.34 6.12 4

7 1397.3  115.01 25.01  55.22 6.12 4

7 1397.6 37.02  307.02  57.54  11.60 1

7 1398.2  237.11  147.11  59.59 1.79 4

7 1398.3  124.46 34.46  59.59 1.79 4

7 1398.4  113.44 23.44  59.59 1.79 4

7 1398.4  215.05  125.05  59.59 0.97 4

7 1398.7 33.48  303.48  72.49  10.43 1

7 1404.1  322.98  232.98  70.85 1.50 4

7 1404.3  298.16  208.16  69.08 1.50 4

7 1404.4  298.16  208.16  64.66 1.20 4

7 1404.8  281.23  191.23  30.94 4.08 4

7 1405.2 39.39  309.39  53.83 4.97 4

7 1407.4  9.06  279.06  57.34  88.73 1

7 1407.9  235.54  145.54  57.52 8.98 3

7 1407.9 37.81  307.81  72.36  19.28 1

7 1408.2 24.42  294.42  59.94 6.60 1

7 1408.3  139.82 49.82  55.22 1.10 4

7 1408.3  133.92 43.92  55.22 1.20 4

7 1408.4  143.76 53.76  55.22 1.50 4

7 1408.5  142.58 52.58  55.22 1.40 4

7 1408.5  124.46 34.46  55.22 1.70 4

7 1408.6  124.46 34.46  55.22 1.10 4

7 1408.7  142.58 52.58  55.22 1.06 4

7 1408.8  142.58 52.58  55.22 0.95 4

7 1409.0  128.40 38.40  55.88 4.72 4

7 1409.5  148.49 58.49  57.34 1.91 4

7 1409.9  126.04 36.04  48.75 5.55 4

7 1412.5  182.76 92.76  81.26 3.28 4

7 1412.9  7.97  277.97  63.06 2.16 4

7 1414.3 26.39  296.39  70.24 5.69 4

7 1414.8  139.82 49.82  52.85 2.87 4

7 1415.0 25.60  295.60  54.30 4.92 4

7 1415.1 17.33  287.33  54.30  21.73 4

7 1423.4 31.12  301.12  45.90 8.32 1

7 1423.5  1.97  271.97  64.41 2.11 4

7 1423.7  4.73  274.73  50.19 3.01 2

7 1424.5  350.94  260.94  66.75 6.65 1

7 1424.7  1.97  271.97  69.43 6.65 4

7 1424.8  7.48  277.48  66.75 6.65 1

7 1425.1 11.82  281.82  69.43 2.44 4

7 1425.4 16.15  286.15  69.43 2.02 4

7 1431.0  144.16 54.16  49.90 2.28 2

7 1431.5 21.66  291.66  60.62 2.28 2

6 1432.6 18.91  288.91  58.67 1.84 2

6  1432.7 33.87  303.87  60.62 2.34 4

6 1432.9  355.27  265.27  26.75 6.70 4

6 1433.0  285.95  195.95  33.90 6.99 4

6 1433.8  3.54  273.54  25.64 7.65 4

6 1434.2  317.46  227.46  42.36 7.65 4

6 1434.3  338.34  248.34  34.84  31.56 2

6 1434.6 28.36  298.36  71.43 2.64 4

6 1434.6 16.15  286.15  34.84  17.83 4

6 1435.0 49.23  319.23  61.89 3.45 4

6 1435.0  184.33 94.33  61.89 3.97 4

6 1435.1  189.85 99.85  61.89 2.24 4

(continued )
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TABLE 3. NATURAL FRACTURES LOGGED FROM THE BHTV DATA (continued )

Unit Depth 
 (m)

Azimuth 
(°)

Strike 
(°)

Dip 
(°)

Aperture 
(mm)

Type

6 1435.2 14.57  284.57  61.89 2.24 4

6 1435.6  354.09  264.09  61.89 1.67 4

6 1436.7 15.75  285.75  45.23 3.35 4

6 1436.8 21.66  291.66  37.08  26.78 2

6 1437.3  170.15 80.15  62.34 3.91 2

6 1437.7 57.90  327.90  49.04 3.12 2

6 1437.9  225.69  135.69  49.04 3.12 2

6 1438.6  3.15  273.15  64.66 1.00 2

6 1440.3  165.82 75.82  59.41 4.22 2

6 1440.6  338.73  248.73  67.58 1.00 4

6 1441.0 64.99  334.99  52.84  13.05 1

6 1441.3 75.62  345.62  40.03 1.00 2

6 1442.4 44.90  314.90  61.74 3.99 1

6 1443.0 55.93  325.93  17.33 1.00 2

6 1444.0 44.90  314.90  51.83 1.00 4

6 1444.6  153.61 63.61  58.50 0.50 4

6 1445.0  159.12 69.12  50.76 2.32 2

6 1445.4  129.98 39.98  58.50 0.50 4

6 1445.7  148.10 58.10  63.06 0.50 4

6 1445.9  159.12 69.12  53.60 0.50 4

6 1446.3  120.13 30.13  74.77 0.50 4

6 1448.0  246.56  156.56  47.83 3.10 4

6 1448.1 13.00  283.00  47.83 3.30 4

6 1448.2  152.04 62.04  58.12 3.45 4

6 1448.4  1.58  271.58  47.83 3.20 4

6 1448.7  350.94  260.94  47.83 3.20 2

6 1449.2  358.03  268.03  53.83 3.20 2

6 1450.4 39.39  309.39  52.84 2.95 2

6 1450.7  172.91 82.91  46.56 2.52 2

6 1451.2  185.51 95.51  40.03 1.80 4

6 1451.4 13.39  283.39  49.62 1.80 4

6 1451.5  165.03 75.03  70.70 0.50 4

6 1451.7  183.15 93.15  70.70 0.50 4

6 1452.2 84.29  354.29  60.62 0.50 4

6 1453.2  169.76 79.76  66.54  13.37 1

6 1453.6  3.54  273.54  33.93 3.95 2

6 1455.2  115.40 25.40  77.37 3.62 4

6 1455.4  144.95 54.95  66.75  31.75 1

6 1457.7  160.70 70.70  51.83  34.10 1

6 1462.1  148.10 58.10  62.79  25.23 1

6 1464.1  249.32  159.32  54.32 0.75 4

6 1465.6  339.52  249.52  78.29 0.50 2

6 1466.2  157.55 67.55  55.21 0.50 4

6 1467.1  178.42 88.42  56.10 0.75 4

6 1470.5 35.45  305.45  56.52 2.63 2

6 1471.7  193.79  103.79  27.83 3.24 2

6 1472.1  236.72  146.72  58.87 2.52 2

6 1472.8 51.99  321.99  61.27 1.76 2

6 1474.1  131.55 41.55  70.08 1.62 1

6 1474.3  243.81  153.81  45.55 5.90 1

6 1474.4  163.46 73.46  73.76 2.36 1

6 1476.3  202.06  112.06  52.61 8.00 1

6 1476.9  267.44  177.44  45.24 2.49 2

6 1479.2  9.06  279.06  54.30 2.14 2

6 1479.7  204.03  114.03  71.97  26.37 1

6 1480.6  176.85 86.85  65.40 2.03 2

6 1481.1  134.70 44.70  76.46 1.11 4

6 1482.5  241.05  151.05  56.52 0.50 4

6 1482.7  263.50  173.50  58.12 4.45 4

6 1482.7  271.38  181.38  60.28 0.75 4

6 1483.8  167.79 77.79  75.05 2.17 1

4 1531.2  324.55  234.55  58.12 0.40 2

4 1531.5  336.76  246.76  77.21 0.81 4

4 1531.8  321.79  231.79  69.08 1.26 2

4 1532.6  334.00  244.00  58.12 4.45 1

4 1533.3 67.35  337.35  75.74 2.07 2

4 1533.9 42.54  312.54  58.88  43.40 1

4 1534.7  334.00  244.00  68.45 1.75 4

4 1535.0  331.25  241.25  68.45 3.50 2

4 1535.2 77.20  347.20  53.35 2.84 4

4 1535.4  335.58  245.58  59.95 2.38 2

4 1536.3  336.76  246.76  76.68 1.94 4

(continued )

TABLE 3. NATURAL FRACTURES LOGGED FROM THE BHTV DATA (continued )

Unit Depth 
 (m)

Azimuth 
(°)

Strike 
(°)

Dip 
(°)

Aperture 
(mm)

Type

4 1536.4  331.64  241.64  76.68 3.04 4

4 1537.0  183.15 93.15  19.80 3.45 2

4 1537.1  241.05  151.05  31.96 7.15 4

4 1537.7  126.04 36.04  40.03 3.65 2

4 1537.8  124.46 34.46  40.03 3.65 2

4 1538.0  349.37  259.37  73.65 1.03 2

4 1538.2 40.96  310.96  66.43 1.95 2

4 1538.9  225.69  135.69  62.19 1.21 2

4 1539.2  235.54  145.54  51.83 2.94 2

4 1540.0 44.90  314.90  47.82 2.46 2

4 1542.1  239.87  149.87  74.57 1.27 4

4 1542.3  185.51 95.51  74.57 0.97 4

4 1542.6  210.72  120.72  72.23 1.12 4

4 1544.6  248.93  158.93  53.83 2.88 2

4 1548.0  237.11  147.11  51.83 3.05 2

4 1548.5  248.14  158.14  57.74 2.54 2

4 1549.2  232.78  142.78  55.66 2.75 2

4 1549.3  254.84  164.84  63.06 1.66 2

4 1549.5  246.96  156.96  58.50 1.85 2

4 1550.5  143.76 53.76  51.83 2.61 2

4 1551.2  138.25 48.25  66.54 1.41 2

4 1552.2  177.24 87.24  32.01 4.04 2

4 1553.8  198.12  108.12  72.03 1.09 4

4 1553.9  114.62 24.62  72.03 1.10 4

4 1555.1  183.94 93.94  72.54 3.22 1

4 1555.4  133.92 43.92  23.37 7.62 1

4 1555.6  156.37 66.37  18.57 7.98 1

4 1556.5  167.79 77.79  53.35 7.14 1

4 1556.8  226.08  136.08 6.84 3.64 2

4 1557.3 92.17  2.17 6.84 2.40 2

4 1557.4 88.62  358.62  28.90 1.10 2

4 1557.6  306.43  216.43 6.84 1.10 2

4 1557.9  131.16 41.16 6.84 3.64 2

4 1558.2 89.80  359.80  17.33  17.18 1

4 1560.0  271.38  181.38  73.76 1.33 2

4 1561.0  264.68  174.68  81.95 2.34 1

4 1561.1  200.88  110.88  79.03 0.67 4

4 1565.0  159.12 69.12  72.73 2.50 1

4 1565.3  218.99  128.99  55.66 2.17 2

4 1566.0 83.89  353.89  71.14 1.14 4

4 1566.0  219.78  129.78  48.44 2.35 2

4 1566.7  200.88  110.88  67.48 3.23 1

4 1567.4  188.27 98.27  55.88 2.05 1

4 1568.4  210.33  120.33 9.56 3.61 4

4 1569.0 83.89  353.89  18.57 0.14 4

4 1570.7 81.14  351.14  47.83 3.20 2

4 1570.8 78.38  348.38  47.83 2.38 2

4 1571.1 32.69  302.69  47.83 2.46 2

4 1571.7  150.46 60.46  70.70 3.20 1

4 1574.4 18.51  288.51  51.83 2.26 4

4 1574.8 36.63  306.63  46.59 9.06 1

4 1580.8  144.16 54.16  62.34 1.64 2

4 1581.2  172.91 82.91  60.77 1.79 2

4 1583.9 74.05  344.05  32.46 4.12 2

4 1584.5  254.84  164.84 4.81 4.74 2

4 1584.8  260.35  170.35 4.81 4.87 2

4 1585.3 63.02  333.02  35.75 6.84 2

4 1585.6 60.26  330.26  41.63 2.74 2

4 1586.0  248.14  158.14  18.56 3.36 2

4 1587.6 37.02  307.02  26.75 7.22 2

4 1588.0 93.74  3.74  23.36 0.30 2

4 1588.7 88.23  358.23  32.46 2.99 2

4 1588.9  233.96  143.96  32.46 2.20 2

4 1589.1  359.21  269.21  18.56 4.51 2

4 1590.1  113.44 23.44  52.35 2.98 2

3 1593.7  170.15 80.15  64.27 3.66 2

3 1594.3  345.03  255.03  18.57  28.35 1

3 1594.4  103.59 13.59  44.53 2.61 2

3 1594.7 96.50  6.50  44.53 3.48 2

3 1595.1  287.13  197.13  44.53 3.48 2

Note: Unit—lithologic unit as shown on Figure 3. Type—Fracture type: 1—Open; 
2—Healed/closed; 3—Partially open; 4—Undetermined.
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TABLE 4A. BOREHOLE BREAKOUT ORIENTATIONS AND APERTURES 
DETERMINED FROM ANALYSES OF THE ACOUSTIC IMAGE LOG DATA

Depth 
(m)

Azimuth 
(°)

Tilt 
(°)

Length 
(m)

Opening 
(°)

Type

1288.95 157.94 0.33 0.48 58.29 1

1288.98 331.64 -0.92 0.58 66.17 1

1289.81 161.49 0.49 1.01 54.35 1

1289.89 337.94 -0.09 0.86 55.54 1

1290.74 334.79 -0.7 0.67 62.23 1

1290.74 146.91 1.04 0.66 56.72 1

1350.30 277.68 -0.01 2.10 64.6 1

1350.38 101.23 0.21 1.96 70.5 1

1354.10 89.41 -1.65 0.95 76.41 1

1354.10 268.62 1.65 0.95 69.32 1

1394.63 129.19 -1 1.38 54.35 1

1394.64 317.66 1.09 1.38 43.33 1

1401.81 320.22 0.04 2.18 57.11 1

1401.82 140.61 0.51 2.16 51.6 1

1452.79 150.07 -0.45 1.06 63.81 1

1452.82 332.43 0.23 1.11 69.72 1

1481.78 321.6 0.07 2.12 62.63 1

1481.78 140.61 -0.07 2.12 63.81 1

1498.23 313.92 -0.08 5.21 80.35 1

1498.24 145.73 0.06 5.19 86.65 1

1502.50 149.28 0.16 2.59 111.07 1

1502.51 330.07 -0.24 2.61 80.74 1

1506.10 314.31 -0.05 2.89 78.77 1

1506.10 145.73 0.33 2.90 85.08 1

1511.75 137.46 -0.03 7.28 97.29 1

1511.76 317.07 -0.08 7.30 90.59 1

1520.98 306.04 0.12 9.19 84.68 1

1520.98 137.46 0.07 9.21 91.77 1

1574.64 289.5 -0.96 1.20 55.14 1

1574.64 108.32 -0.82 1.19 48.84 1

1291.36 330.46 -0.15 0.52 59.87 2

1291.36 152.04 0.15 0.52 51.6 2

1292.12 149.67 -2.15 0.74 58.69 2

1292.14 332.82 1.91 0.76 58.29 2

1292.86 158.73 0.73 0.48 55.54 2

1292.93 334 -0.27 0.58 44.51 2

1298.41 154.4 -6.52 0.23 42.93 2

1298.49 337.55 4.7 0.27 64.2 2

1306.10 201.86 -3.62 0.11 38.99 2

1306.10 347.4 8.59 0.14 42.93 2

1306.78 187.88 -4.1 0.22 47.26 2

1306.80 357.64 3.38 0.27 42.93 2

1343.38 163.85 0.04 1.40 58.29 2

1343.38 346.61 0.11 1.40 45.69 2

1348.45 161.49 -8.64 0.27 67.75 2

1348.45 348.18 4.39 0.27 61.44 2

1374.11 144.55 1.35 0.60 33.48 2

1374.17 317.07 -1.18 0.58 25.21 2

1374.95 137.86 2.25 0.46 37.81 2

1374.96 304.46 -4.51 0.54 34.66 2

(continued )

TABLE 4A. BOREHOLE BREAKOUT ORIENTATIONS AND APERTURES 
DETERMINED FROM ANALYSES OF THE ACOUSTIC IMAGE LOG DATA 

(continued )

Depth 
(m)

Azimuth 
(°)

Tilt 
(°)

Length 
(m)

Opening 
(°)

Type

1376.09 143.96 -1.29 0.53 38.99 2

1376.09 317.86 1.29 0.53 40.18 2

1380.77 141.6 -0.99 0.50 61.05 2

1380.77 315.89 0.99 0.50 55.93 2

1381.55 110.09 0.8 0.72 47.66 2

1381.55 311.75 -0.8 0.72 53.96 2

1383.53 144.35 2.45 0.96 35.84 2

1383.53 316.67 -2.45 0.96 34.66 2

1458.71 323.17 3.08 0.36 33.48 2

1458.71 145.73 -3.08 0.36 30.72 2

1459.44 154.99 -0.27 0.52 27.96 2

1459.44 325.34 0.27 0.52 27.57 2

1469.44 155.58 -0.81 0.61 33.09 2

1469.45 326.91 0.46 0.64 35.05 2

1470.24 148.88 0.27 0.74 36.24 2

1470.26 327.7 0.21 0.76 27.96 2

1478.53 138.05 3.29 0.34 27.96 2

1478.54 321.4 2.54 0.35 24.81 2

1484.41 327.31 0.53 0.37 41.75 2

1484.42 139.82 -0.5 0.39 40.18 2

1486.77 145.73 0.05 1.16 41.75 2

1486.77 322.39 -0.05 1.16 35.05 2

1487.59 119.54 1.91 0.43 37.42 2

1487.59 307.81 -1.91 0.43 26.39 2

1488.48 293.24 1.4 0.78 55.54 2

1488.48 140.42 -1.4 0.78 59.47 2

1490.88 311.75 0.31 1.32 82.32 2

1490.88 136.87 -0.31 1.32 86.26 2

1492.83 149.08 -0.85 1.62 78.38 2

1492.83 311.16 0.85 1.62 74.84 2

1494.45 135.89 1.49 1.23 74.84 2

1494.46 313.52 0.62 1.23 73.26 2

1504.20 148.1 0.38 0.52 65.38 2

1504.20 330.07 -0.38 0.52 58.29 2

1525.74 134.31 2.16 0.19 76.41 2

1525.74 306.83 -2.16 0.19 61.44 2

1527.11 127.22 -0.05 1.58 81.93 2

1527.11 293.83 0.05 1.58 72.47 2

1553.31 330.66 -4.13 0.38 15.36 2

1553.32 131.95 4.13 0.38 16.54 2

1556.81 99.06 1.57 0.21 29.54 2

1556.81 289.5 -1.57 0.21 27.57 2

1557.82 127.02 2.12 0.45 33.48 2

1557.82 302.69 -2.12 0.45 38.99 2

1558.35 292.65 -3.32 0.09 62.63 2

1558.37 109.3 2.89 0.12 42.93 2

1595.93 135.3 0.27 0.73 98.86 2

1595.93 303.48 -0.27 0.73 97.29 2

Note: Type: 1—well developed; 2—moderately well developed.

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/9/3/476/999176/476.pdf
by guest
on 06 July 2021



KESSLER ET AL.

488 www.gsapubs.org | Volume 9 | Number 3 | LITHOSPHERE

TABLE 4B.  DRILLING-
INDUCED TENSILE FRACTURE 

ORIENTATIONS AND APERTURES 
DETERMINED FROM ANALYSIS OF 
THE ACOUSTIC IMAGE LOG DATA

Depth 
(m)

Azimuth 
(°)

Tilt 
(°)

Length 
(m)

1299.39 352.12 -5.38 0.51

1299.39 156.76 5.38 0.51

1300.49 159.12 1.89 0.37

1300.49 339.12 -1.89 0.37

1302.33 343.85 0.00 0.04

1302.33 163.85 0.00 0.04

1302.68 343.85 0.00 0.09

1302.68 163.85 0.00 0.09

1304.77 202.84 7.94 0.30

1304.77 22.84 -7.94 0.30

1307.62 208.36 -5.83 0.29

1307.62 28.36 5.83 0.29

1311.00 110.28 1.83 0.52

1311.00 290.28 -1.83 0.52

1323.52 144.55 1.80 0.26

1323.52 324.55 -1.80 0.26

1323.72 352.12 0.00 0.18

1323.72 172.12 0.00 0.18

1324.23 332.04 -0.39 0.20

1324.23 152.04 0.39 0.20

1325.44 215.84 7.07 0.12

1325.44 35.84 -7.07 0.12

1326.56 50.42 -0.93 0.15

1326.56 230.42 0.93 0.15

1327.64 244.60 2.32 0.15

1327.64 64.60 -2.32 0.15

1329.49 68.93 0.00 0.15

1329.49 248.93 0.00 0.15

1330.01 85.47 0.00 0.33

1330.01 265.47 0.00 0.33

1331.17 97.29 1.52 0.49

1331.17 277.29 -1.52 0.49

1331.65 242.23 10.49 0.30

1331.65 62.23 -10.49 0.30

1332.82 81.93 -0.09 0.84

1332.82 261.93 0.09 0.84

1333.67 40.18 0.78 0.63

1333.67 220.18 -0.78 0.63

1339.80 202.06 0.14 2.86

1339.80 22.06 -0.14 2.86

1347.93 90.20 1.35 0.16

1347.93 270.20 -1.35 0.16

1364.12 242.23 -0.86 0.16

1364.12 62.23 0.86 0.16

1364.42 17.33 0.00 0.16

1364.42 197.33 0.00 0.16

1364.99 192.60 1.43 0.38

1364.99 12.60 -1.43 0.38

1367.91 115.01 -1.25 0.61

1367.91 295.01 1.25 0.61

1368.40 27.57 -0.35 0.17

1368.40 207.57 0.35 0.17

1381.63 207.57 0.00 0.18

1381.63 27.57 0.00 0.18

1389.77 17.33 0.81 0.17

1389.77 197.33 -0.81 0.17

1398.72 98.47 -0.48 0.13

1398.72 278.47 0.48 0.13

1403.70 152.82 3.38 0.47

1403.70 332.82 -3.38 0.47

1404.78 298.16 -2.73 0.46

1404.78 118.16 2.73 0.46

(continued )

TABLE 4B.  DRILLING-
INDUCED TENSILE FRACTURE 

ORIENTATIONS AND APERTURES 
DETERMINED FROM ANALYSIS OF 
THE ACOUSTIC IMAGE LOG DATA 

(continued )

Depth 
(m)

Azimuth 
(°)

Tilt 
(°)

Length 
(m)

1405.74 195.36 4.05 0.14

1405.74 15.36 -4.05 0.14

1408.10 192.21 2.33 0.18

1408.10 12.21 -2.33 0.18

1412.24 352.12 -2.65 0.21

1412.24 172.12 2.65 0.21

1413.28 183.94 1.33 0.93

1413.28 3.94 -1.33 0.93

1413.82 174.88 -0.54 0.11

1413.82 354.88 0.54 0.11

1415.49 200.88 3.47 0.59

1415.49 20.88 -3.47 0.59

1418.24 165.82 2.40 0.35

1418.24 345.82 -2.40 0.35

1432.66 326.91 1.47 0.09

1432.66 146.91 -1.47 0.09

1433.21 211.90 0.00 0.06

1433.21 31.90 0.00 0.06

1437.86 186.30 0.68 0.12

1437.86 6.30 -0.68 0.12

1438.12 11.82 0.00 0.05

1438.12 191.82 0.00 0.05

1439.22 162.28 3.95 0.26

1439.22 342.28 -3.95 0.26

1439.83 166.61 -2.38 0.66

1439.83 346.61 2.38 0.66

1440.29 349.37 -2.80 0.15

1440.29 169.37 2.80 0.15

1440.34 345.82 -4.01 0.22

1440.34 165.82 4.01 0.22

1440.44 174.09 0.98 0.14

1440.44 354.09 -0.98 0.14

1440.72 350.55 0.97 0.43

1440.72 170.55 -0.97 0.43

1441.63 196.54 0.75 0.37

1441.63 16.54 -0.75 0.37

1442.80 206.78 4.26 0.12

1442.80 26.78 -4.26 0.12

1443.09 11.82 0.00 0.10

1443.09 191.82 0.00 0.10

1445.03 341.09 0.00 0.18

1445.03 161.09 0.00 0.18

1445.39 345.03 -2.98 0.32

1445.39 165.03 2.98 0.32

1446.40 162.28 -1.65 0.13

1446.40 342.28 1.65 0.13

1448.69 324.95 -0.52 0.11

1448.69 144.95 0.52 0.11

1450.85 18.91 0.00 0.15

1450.85 198.91 0.00 0.15

1451.89 176.46 0.85 0.41

1451.89 356.46 -0.85 0.41

1458.10 251.29 2.07 0.43

1458.10 71.29 -2.07 0.43

1464.59 55.54 0.38 0.52

1464.59 235.54 -0.38 0.52

1466.60 155.58 -0.06 1.41

1466.60 335.58 0.06 1.41

1467.83 339.12 0.57 0.34

1467.83 159.12 -0.57 0.34

1468.43 334.00 1.55 0.09

(continued )

TABLE 4B.  DRILLING-
INDUCED TENSILE FRACTURE 

ORIENTATIONS AND APERTURES 
DETERMINED FROM ANALYSIS OF 
THE ACOUSTIC IMAGE LOG DATA 

(continued )

Depth 
(m)

Azimuth 
(°)

Tilt 
(°)

Length 
(m)

1468.43 154.00 -1.55 0.09

1472.63 337.55 0.97 0.23

1472.63 157.55 -0.97 0.23

1473.20 231.20 0.66 0.21

1473.20 51.20 -0.66 0.21

1473.68 229.63 -0.37 0.37

1473.68 49.63 0.37 0.37

1478.70 293.04 0.24 0.25

1478.70 113.04 -0.24 0.25

1478.91 352.91 -0.29 0.27

1478.91 172.91 0.29 0.27

1484.98 116.59 1.32 0.25

1484.98 296.59 -1.32 0.25

1485.71 165.82 1.13 0.12

1485.71 345.82 -1.13 0.12

1535.45 335.58 0.00 0.60

1535.45 155.58 0.00 0.60

1535.99 331.25 0.00 0.23

1535.99 151.25 0.00 0.23

1536.86 155.58 0.67 0.52

1536.86 335.58 -0.67 0.52

1537.80 77.59 0.82 0.07

1537.80 257.59 -0.82 0.07

1539.43 199.30 -2.43 1.20

1539.43 19.30 2.43 1.20

1540.58 50.42 0.81 0.17

1540.58 230.42 -0.81 0.17

1540.83 57.51 0.00 0.25

1540.83 237.51 0.00 0.25

1541.42 163.85 0.95 0.23

1541.42 343.85 -0.95 0.23

1541.93 57.51 0.44 0.31

1541.93 237.51 -0.44 0.31

1544.10 345.03 0.81 0.17

1544.10 165.03 -0.81 0.17

1545.07 150.07 -0.26 0.82

1545.07 329.28 -0.54 0.84

1546.00 60.26 0.96 0.60

1546.00 240.26 -0.96 0.60

1546.64 80.35 -0.13 0.45

1546.64 260.35 0.13 0.45

1547.60 268.62 -1.37 0.30

1547.60 88.62 1.37 0.30

1548.12 226.87 6.52 0.45

1548.12 46.87 -6.52 0.45

1548.58 269.02 -1.69 0.33

1548.58 89.02 1.69 0.33

1549.14 269.02 -2.83 0.20

1549.14 89.02 2.83 0.20

1549.18 233.96 -2.14 0.27

1549.18 53.96 2.14 0.27

1550.00 82.71 4.86 0.17

1550.00 262.71 -4.86 0.17

1550.16 345.03 0.47 0.29

1550.16 165.03 -0.47 0.29

1551.27 333.22 -0.82 0.26

1551.27 153.22 0.82 0.26

1553.05 309.19 4.29 0.10

1553.05 129.19 -4.29 0.10

1554.53 217.42 0.00 0.54

1554.53 37.42 0.00 0.54

(continued )

TABLE 4B.  DRILLING-
INDUCED TENSILE FRACTURE 

ORIENTATIONS AND APERTURES 
DETERMINED FROM ANALYSIS OF 
THE ACOUSTIC IMAGE LOG DATA 

(continued )

Depth 
(m)

Azimuth 
(°)

Tilt 
(°)

Length 
(m)

1555.22 221.36 0.53 0.26

1555.22 41.36 -0.53 0.26

1555.49 320.22 1.05 0.13

1555.49 140.22 -1.05 0.13

1557.13 52.78 -0.16 0.49

1557.13 232.78 0.16 0.49

1559.97 169.37 2.09 1.31

1559.97 349.37 -2.09 1.31

1561.15 206.00 -0.42 0.33

1561.15 26.00 0.42 0.33

1561.51 29.54 0.97 1.07

1561.73 213.09 -1.11 0.62

1563.12 233.17 -0.95 0.52

1563.12 53.17 0.95 0.52

1563.45 170.94 -0.28 0.70

1563.45 350.94 0.28 0.70

1563.65 323.76 0.53 0.37

1563.65 143.76 -0.53 0.37

1563.74 13.79 -1.26 0.39

1563.74 193.79 1.26 0.39

1564.51 199.30 2.76 0.20

1564.51 19.30 -2.76 0.20

1564.70 161.49 -1.09 0.20

1564.72 342.28 0.78 0.18

1565.08 211.90 1.86 0.38

1565.08 31.90 -1.86 0.38

1568.99 354.88 1.26 0.11

1568.99 174.88 -1.26 0.11

1569.28 181.18 0.00 0.19

1569.28 1.18 0.00 0.19

1570.11 341.09 1.68 0.75

1570.11 161.09 -1.68 0.75

1571.95 214.66 8.63 0.25

1571.95 34.66 -8.63 0.25

1572.31 61.05 2.39 0.26

1572.31 241.05 -2.39 0.26

1577.39 137.46 -1.52 0.41

1577.39 317.46 1.52 0.41

1578.14 172.91 0.20 0.70

1578.14 352.91 -0.20 0.70

1579.33 145.73 -0.17 0.35

1579.33 325.73 0.17 0.35

1579.64 112.65 0.52 0.15

1579.64 292.65 -0.52 0.15

1580.10 144.55 -2.29 0.27

1580.10 324.55 2.29 0.27

1580.45 340.31 0.86 0.25

1580.45 160.31 -0.86 0.25

1583.81 348.18 1.07 0.26

1583.81 168.18 -1.07 0.26

1584.58 32.69 1.58 0.17

1584.58 212.69 -1.58 0.17

1585.11 218.21 -0.17 0.48

1585.11 38.21 0.17 0.48

1586.28 42.93 0.19 0.31

1586.28 222.93 -0.19 0.31

1588.32 161.88 0.27 0.59

1588.32 341.88 -0.27 0.59

1588.85 211.90 -0.37 0.43

1588.85 31.90 0.37 0.43

1592.22 10.24 0.00 0.15

1592.22 190.24 0.00 0.15
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Apparent Slip on Faults in MH-2 Core 
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Figure 8. Examples of faults in the MH-2 core. (A, B) Slickenlines are expressed as green-gray 

surfaces on thin slip surfaces. (C) Fault dip is measured as the fault plane-core axis angle, and 

because the core is nearly vertical, this equates to fault dip. The rake of the slip vectors is mea-

sured from the strike. Some of the faults are patchy, with highly re�ective surfaces interspersed 

with altered zones.
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Figure 9. Fault slip data plotted as a function of depth. (A) Fault dip distribution 

over the zone of interest. Four zones of faulting are present in the core, and there 

is little to no concentration of fault dip as a function of depth. (B) Fault slip vector 

rake angles as a function of depth.

Figure 10. (A, B) Dot plots and simple statistics of 

the fault data. Fault dips have a mean value of 45° 

(±23°). Fault slip vectors exhibit a strong oblique 

slip component, with a mean value of 35°, median 

of 28° (±32°). Note the large number of pure strike-

slip vectors. N = 166. Std. dev—standard deviation.
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Figure 11. Schematic plan view of a 

circular borehole with the orientations 

of the maximum and least horizontal 

stresses, borehole breakouts, and 

drilling-induced fractures. (See text 

for variables and explanation.)
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Figure 12. Example of an acoustic borehole 

image log showing examples of structures 

interpreted from the sonic image log. Images 

are shown for traveltime and amplitude. On 

the left side of the �gures the image log is 

an unrolled view from 0° to 360°, and on the 

right side is a view of the log as a pseudocore 

from 51° perspective. 3D—three dimensional; 

NM—integrated amplitude. (A) Region from 

1287.5 to 1291 m shows the expression of: 1—

natural openings possibly along a lithologic 

boundary; 2—lithologic boundary; 3—well-

developed borehole breakout; 4—moderately 

developed breakout; 5—drilling-induced 

tensile fracture. (B) Region from 1422.5 to 

1426.1 m depth that shows the expression 

of: 1—lithologic boundary or fractures along 

a cooling unit boundary; 2, 3—shallow and 

steeply dipping natural fractures; 4—naturally 

occurring void spaces and a zone of alteration.
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basin axis (Fig. 14). The nearest stress orienta-

tion indicators based on breakout data and earth-

quake focal mechanisms are from the Basin and 

Range in Nevada and S
H
 orientations from the 

Columbia River Basalt in Oregon (Heidbach et 

al., 2008). In Oregon, S
H
 orientations are pre-

dominantly oriented north-northeast. The S
H
 

orientations in the Basin and Range in northern 

Nevada are similar to the S
H
 orientation in MH-2, 

~020°. The trend of the western SRP is at a high 

angle to Basin and Range structures, especially 

when compared to those closest to southern 

Idaho and the western SRP (Fig. 14). The ori-

entation of S
h 
(minimum horizontal stress) deter-

mined from the drilling-induced fractures is 157° 

± 21°, or an S
H
 orientation of 67° (Fig. 13D).

Stress Magnitudes

We estimate the stress magnitudes from 

the borehole breakout and drilling-induced 

tensile fracture data using the methods out-

lined in Zoback et al. (2003), Zoback (2010), 

and Schmitt et al. (2012). We start the analyses 

by assuming the rock mass is critically stressed 

(Barton et al., 1995), i.e., for a given region in 

the crust there are enough fractures and faults 

oriented such that they are at or near shear fail-

ure based on static equilibrium (Jaeger and 

Cook, 1979). Our data (Figs. 3H, 3I, 8, and 9) 

indicate that four or �ve orientation concen-

trations of fractures and faults exist over the 

sampled interval and that the range of fracture 

and fault orientations and slip orientations vali-

dates the assumption that the rocks are highly 

fractured with of a range of potential slip plane 

orientations.

First, the vertical compressive stress at a 

given depth (S
V
) is given by

 , (2)
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Figure 13. Borehole breakout results rose diagrams. (A) Summary rose diagram for the orientations 

of the borehole breakouts in the region over which the acoustic image log data were collected. (B) 

Rose diagram of borehole breakout fractures over the depth region of 1280–1401 m. (C) Rose dia-

gram of borehole breakout fractures over the depth region of 1405 m to 1600 m. (D) Drilling-induced 

tensile fracture orientations for the lower 540 m of the MH-2 borehole.
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where ρ(h) is the mean bulk density, g is the 

acceleration due to gravity, and h is the depth of 

investigation. In the case of the MH-2 drillhole 

we use the laboratory measured densities (Fig. 3) 

for the basalts, a value of 2.0 g/cm3 for the ~650 

m of lacustrine deposits above the ZOI, and a 

hydrostatic pore pressure gradient of 9.8 MPa/km.

To constrain the values of S
h
 (Equation 3), 

we assume that the basalt formations are part of 

the critically stressed crust (Barton et al., 1995), 

for which Jaeger and Cook (1979) showed:

 . (3)

We start with the normal fault case, consis-

tent with the regional tectonics with the maxi-

mum principal compression S
1
 = S

V
, and the 

minimum principal compression S
3
 = S

h
. Using 

the estimated S
V
 from Equation 2, we then cal-

culate the stresses for 3 values of the coef�cient 

of friction: μ = 0.6, 0.8, and 1.0; these values 

yield S
h
 = 15.6 MPa/km, 13.8 MPa/km, and 13 

MPa/km, respectively.

In a normal faulting regime the maximum 

and minimum compressions are respectively S
V
 

and S
h
; S

H
 is intermediate to these. Therefore, 

�nding the magnitude of S
H
 provides additional 

evidence to support the geologically based con-

tention that the rock mass is subject to a normal 

faulting environment. Here we use the width of 

the breakouts together with laboratory derived 

values of the rock strength to constrain the mag-

nitude of S
H
. The extent to which a borehole wall 

deforms and undergoes shear failure is a func-

tion of the maximum compressive stress and 

the strength of the rocks near the borehole wall 

(e.g., Gough and Bell, 1982; Moos and Zoback, 

1990). Where the concentration of circumferen-

tial hoop stresses perpendicular to S
H
 exceed the 

rock strength, then shear failure occurs when 

the borehole deforms under in situ stresses. The 

time strain portion of the deformation takes 

place as a deepening of the breakout and the 

width of the breakout remains a function of S
H.

 

The angle of the breakout, ϕ (Fig. 11; Barton et 

al., 1988; Zoback et al., 2003; Zoback, 2010; 

Schmitt et al., 2012) is given by:

, (4)

where ,  (5)

where ϕ
rad

 is the angle of wellbore breakout, in 

radians (Fig. 11), C
0
 is the cohesive strength of 

the rock, and P
p
 is pore pressure that we esti-

mated from the hydraulic gradient. For a Mohr-

Coulomb material with a linear shear failure 

envelope the cohesion (C
0
) is found from:

 

,  (6)

where UCS is uncon�ned compressive strength. 

We used UCS values from laboratory rock 

mechanics measurements on the Mountain 

Home core (Kessler, 2014; Table 5). These UCS 

data were used to subdivide the ZOI into nine 

mechanical units (in Kessler, 2014), and this 

work will be a topic elsewhere. The experimen-

tally determined values of UCS vary consider-

ably, and we determine the range of S
H
 for low, 

median, and high values of UCS for each unit.

The total uncertainties for the S
H
 calculations 

are also due to the measurement errors for ϕ
rad,

 

variations due to the experimentally determined 

values of UCS, and the likely ranges for µ. We 

calculate (Fig. 15) a midpoint for the mean value 

of UCS for each section and μ = 0.8 (Byerlee, 

1978). The lower bounds are calculated from 

the lowest UCS and a μ of 0.6, and the higher 

bound is for the largest UCS value and a μ of 

1.0. (Algebraically, Equation 2 shows that the 

lowest bound is for a low UCS and high value 

of μ, and the higher bound is given by the larg-

est UCS and lowest μ, but these do not vary 

TABLE 5. UNCONFINED COMPRESSIVE STRENGTH DATA

Unit Depth 
(m bgs)

1st UCS 
(Mpa)

2nd UCS 
(Mpa)

Average UCS 
(Mpa)

Standard 
deviation UCS 

(Mpa)

Unit average
(Mpa)

Standard deviation 
of UCS for unit

9 1289.00 127.1 77.6  102.3  24.8

9 1295.40 76.2  106.0 91.1  14.9

9 1305.76 132.5  147.0  139.7 7.3

9 1312.16 86.6  100.1 93.4 6.8

9 1322.83 133.7  133.7  133.7 None

9 1336.85 37.4 45.5 41.4 4.1

9 1349.96 126.8  190.5  158.6  31.9 108.60 36.23

8 1363.68 22.9 22.5 22.7 0.2

8 1375.26 43.5 45.3 44.4 0.9 33.56 10.84

7 1394.16 136.8  140.9  138.9 2.1

7 1400.25 61.8 59.0 60.4 1.4

7 1407.87 134.6  146.1  140.4 5.8

7 1414.27  121.  119.9  120.4 0.5

7 1421.59 113.8  137.2  125.5  11.7 117.11 29.36

6 1436.22 147.8  133.6  140.7 7.1

6 1448.10 109.1  114.3  111.7 2.6

6 1457.55  152.  190.6  171.3  19.3

6 1468.53 152.4 ND  152.4 None

6 1471.57 188.4 ND  188.4 None

6 1481.33 189.7  150.2  170.0  19.7 155.74 24.81

5 1484.38 70.7 64.2 67.5 3.2

5 1497.79 42.6 51.9 47.3 4.7

5 1503.58 52.2 52.1 52.1 0.0

5 1512.42 40.1 42.7 41.4 1.3

5 1517.29 36.8 36.8 36.8 None

5 1527.66 82.8 56.0 69.4  13.4 52.41 12.29

4 1532.53 155.1  172.1  163.6 8.5

4 1542.59 184.4  125.9  155.1  29.3

4 1548.38 111.7  109.4  110.5 1.1

4 1549.30 137.1  107.5  122.3  14.8

4 1557.53 166.5  147.6  157.1 9.5

4 1564.54 116.5  125.8  121.1 4.7

4 1575.21 162.2  141.8  152.0  10.2

4 1586.79 181.8  163.5  172.6 9.2

4 1589.84 87.3 97.1 92.2 4.9 138.51 26.01

3 1594.71 164.6  158.7  161.7 2.9

3 1614.53 162.9  186.3  174.6  11.7

3 1649.88 172.1  174.5  173.3 1.2

3 1662.99 181.4  177.5  179.5 1.9

3 1678.84 179.1  152.5  165.8  13.3

3 1692.55 153.1  181.0  167.0  13.9 170.31 6.01

2 1708.10 90.5 83.6 87.1 3.4

2 1718.77 20.6 20.6 20.6 None

2 1734.62 26.4 24.6 25.5 0.9 44.39 30.25

1 1738.27 153.9  148.4  151.1 2.8

1 1763.27 84.0 85.2 84.6 0.6

1 1787.65 110.8  120.6  115.7 4.9

1 1805.94 80.7  106.8 93.7  13.0

1 1806.85 55.6 ND 55.6 None

1 #REF! 175.7  187.3  181.5 5.8 113.72 42.08

Note: ND—no data; unit—lithologic unit described in text; 1st UCS—value for first test; 2nd UCS—value for 
second test; Standard deviation UCS—variation for individual test; Standard deviation of UCS for unit—variation 
for all tests within lithologic unit.
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signi�cantly from the results shown here, and 

these end members are counterintuitive from a 

rock mechanics perspective.)

The results of the stress magnitude analy-

ses (Fig. 15) reveal the in�uence that the rock 

properties have on stress magnitudes owing to 

Equations 3 and 5, and we see the ranges of 

stress magnitudes over the vertical section. The 

calculations yield mean stresses that are broadly 

consistent with S
h 
< S

H 
< S

V
, or a dominantly 

normal fault stress state. The values of S
h
 vary 

by 15–20 MPa for the ranges of UCS (Fig. 15), 

and the strongest horizons exhibit ranges of S
H
 

that approach S
V
 at depths of 1280–1300 m and 

1330–1355 m md, and 1450–1475 m md. Here, 

the mean values of S
H
 are approximately equal 

to or greater than S
V
. The horizons from ~1365–

1380 m md and 1480–1520 m md are weak and 

S
H
 approaches S

h
. The sections with the larger S

h
 

values may help explain the presence of oblique 

slip striations observed in the core (Fig. 9).

This analysis assumes a normal fault stress 

regime (S
v 
> S

H 
> S

h
), which is broadly consistent 

with the regional setting, and it allows us to 

estimate S
h
 and S

H
 based on Equations 3 and 

4. In three horizons in the ZOI the upper bound 

of S
H
 is as large as or greater than S

V
. If these 

conditions prevail in the rocks in the subsurface, 

these stresses are consistent with mixed mode, or 

oblique fault slip. Within the two weak horizons 

at ~1370 and 1480–1530 m md, S
H
 approaches S

h
 

which would result in a switch of the orientation 

of the optimally oriented normal fault from north-

northeast striking to north-northwest striking.

A mixed mode strike-slip regime in portions 

of the section is also indicated by the presence 

of drilling-induced tensile fractures (Appendix 

Fig. A1). The presence of tensile fractures in a 

borehole indicates that S
H
 – S

h
 is large enough 

to induce tensile failure, which is equivalent 

to a strike-slip stress regime (Zoback, 2010, 

p. 133). Assuming low thermal stresses, neg-

ligible tensile strength (Schultz, 1995), and no 

excess mudweight, S
H
 = 3 S

h
 – 2 P

p
. Because 

we have no independent measure of S
h
 (e.g., 

from hydrofractures) we cannot constrain the 

horizontal stress magnitudes further, other than 

to infer that S
H 

> S
v
.

We assumed a normal hydrostatic gradient 

for our analysis and recognize that this intro-

duces uncertainty in the calculated S
H
 values 

and results in S
H
 values that are lower bounds 

for the geothermally charged section at the very 

bottom of the hole. High geothermal gradient 

and high bottom-hole temperatures can cause 

elevated pore pressure (Barker, 1972; Luo and 

Vasseur, 1992; Zoback, 2010; Swarbrick, 2012) 

and are likely to exist at depth in the MH-2 site 

(Nielson et al., 2012, 2014; Freeman, 2013). As 

pore pressure rises above the hydrostatic gradi-

ent it can reduce the effective stress for failure.

INTERPRETATIONS AND DISCUSSION

We define a mechanical stratigraphy for 

the rocks encountered in the MH-2 Project 

HOTSPOT drillhole that is based on the lithol-

ogy, fracture and fault density, bulk-rock density 

data (Figs. 3, 6, 8, and 15) combined with static 

elastic properties and rock strength from uncon-

�ned uniaxial compressive strength tests (Kes-

sler, 2014), and wireline log signatures. Three 

horizons exhibit high fault density, �ve zones of 

moderate fracture density, and one zone devoid 

of fractures. The lowest highly fractured and 

faulted unit from 1700 m and lower is a combina-

tion of hydrothermally altered fault breccia and 

gouge. Fracture density increases signi�cantly 

in the strong, brittle units (Figs. 3 and 6), par-

ticularly at the base of the stiff units just above 

the top of a compliant unit, fault, and altered 

zone. Fracture stratigraphy and mechanical stra-

tigraphy are a function of rock type and mimic 

the lithology over the ZOI. The zone exhibits a 

signi�cant number of faults, but few fractures, 

from 1500 to 1600 m; a fractured and faulted 

section is encountered from 1300 to 1400 m md. 

It was suggested (Kessler, 2014) that the �uid 

in�ow at 1745 m md occurs along an altered and 

fractured basalt horizon below a thin seal, and 

above this seal is a fractured region.

The relationships derived from the Bostic-1A 

well indicate as much as 2700 m of offset along 

the basin-bounding faults (Malde, 1991; Wood 

and Clemens, 2002), and the gravity data sug-

gest that the Mountain Home area is on a region 

of west-northwest–trending faults (Fig. 16). We 

would expect some of that offset to be expressed 

on the faults in the MH-2 borehole. The original 

interpretation of the potential �eld geophysics 

for the MH-2 borehole region was that the drill-

hole was located on the southwest �ank of a 

300°-trending gravity high (Shervais et al., 2011, 

2014a), slightly oblique to the 310°–315°-trend-

ing faults at the surface. Reinterpretation of 

the gravity and aeromagnetic data and new 
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data (Glen and Bouligand, 2014) indicate the 

presence of a well-de�ned 290°-trending grav-

ity high, the crest of which might be offset by 

north- to northwest-trending features, and the 

aeromagnetic signature indicates the presence 

of short-wavelength north-trending anomalies 

(Glen and Bouligand, 2014).

Local variations of in situ stresses are a func-

tion of the local geologic environment (Heidle-

bach et al., 2008) and can be due to de�ections 

or transitions at distinct geologic boundaries, 

including faults, intrusive contacts, or other 

abrupt changes in mechanical properties of 

rocks (Sahara et al., 2014; Seithel et al., 2015). 

Local stress variations can also occur where 

there are structures or geologic horizons signi�-

cantly weaker than the surrounding rocks that 

decouple a site from the regional stress �eld 

(such as salt or shale horizons or melt) and there 

can also be localized sources of body forces 

to create stresses, such as produced by thermal 

contraction or expansion, local variations in rock 

density, topography, mechanical work done by 

intrusions or diapirs, or by the removal of mate-

rial by magma or salt �ow or dissolution. If the 

edge of the west-northwest–trending gravity 

high is a result of normal faulting (Shervais et al., 

2002; Varriale, 2016), the 047° S
H
 orientation 

values and magnitudes determined in this study 

produce oblique right-lateral shear couples on 

north-trending normal faults (Fig. 16).

Using the fault model and stress orientations 

and relative magnitudes, we suggest possible 

orientations for critically stressed faults at depth. 

The shear stress (τ) and normal stress (σ
n
) acting 

on a fault or fracture plane is de�ned as critically 

stressed when:

 , (7)

assuming that cohesion is ≈0 for highly frac-

tured rocks. The data for the MH-2 core show 

that the rocks exhibit a considerable density of 

fractures, and the borehole image log data sug-

gest that these fractures are in 4–5 concentrated 

orientations (Fig. 3H). The northeast trend of 

S
H
 would most likely activate the northeast- or 

northwest-trending surfaces. If our assumption 

that the dominant stress state here is that of 

normal and/or oblique faulting, then a simple 

Andersonian stress state (Anderson, 1951) may 

exist, where S
V
 > S

H
 > S

h
 to S

V
 ≈ S

H
 > S

h
.

Variability and uncertainty is high in the S
H
 

magnitude calculations, but we see that they gen-

erally plot below the magnitude of S
V
 (Fig. 15). 

In the horizons where S
H
 approaches the magni-

tude of S
V
 we suggest that the stresses in the bore-

hole support a structural model that incorporates 

oblique normal and/or strike-slip failure on faults 

(Zoback, 1989) around MH-2 that are optimally 

oriented for failure in the intersection zone of north- 

and west-northwest–trending faults (Fig. 16).

Blind geothermal systems (those that lack 

surface manifestation of high heat �ow, such as 

the presence of fumaroles, hot springs, or hydro-

thermally altered rocks at the surface) in the 

western United States are commonly associated 

with structural complexities where fault tips, ste-

povers, and intersections or zones of fault splays 

create enhanced permeability in the complexly 

faulted zones (Ward et al., 1981; Faulds et al., 

2011, 2016; Faulds and Hinz, 2015). We suggest 

that the vertically varying stress regime from 

normal to strike-slip regimes creates a structur-

ally complex zone transverse to the trend of the 

SRP volcanic complex at depth, and this serves 

to localize high-temperature water encountered 

at the bottom of the drillhole.

At the base of the MH-2 borehole, elevated 

pore pressures are likely present due to the 

�ow of thermal waters to the surface (Freeman, 

2013; Shervais et al., 2014a), and the presence 
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Figure 16. Map view of the schematic setting of the faults and in situ stresses in the MH-2 area. The shaded regions are the approximate locations of 

steep gradients in the residual gravity data (Shervais et al., 2014a; Glen and Bouligand, 2014). Dashed lines represent the range of orientations for pos-

sible normal-oblique slip faults that may cut the gravity high, interpreted to be a horst block of lower basalts.
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of borehole breakouts indicates that stress aniso-

tropy is high enough to preferentially strain the 

borehole to a depth of 1594 m. Elevated pore 

pressure would promote failure, and interme-

diate faulting mechanisms could increase the 

range of orientations for critically stressed faults 

and fractures that could increase the total frac-

ture permeability in the reservoir. This phenom-

enon has been observed in other fractured geo-

thermal reservoirs, for example, Dixie Valley 

and Desert Peak in Nevada (Faulds et al., 2011), 

and other reservoir types, for example, Yucca 

Mountain, the North Sea Chalk, the Timor Sea, 

and the Visund oil and gas �eld in the North 

Sea (Kucks, 1999; Zoback, 2010; Hennings et 

al., 2012).

The setting of the MH-2 borehole with respect 

to the regional tectonic setting may contribute to 

the N47°–67°E orientation of S
H
. The borehole 

is near the change in orientation of the Snake 

River Plain, slightly north of the northern Basin 

and Range stress or deformation province as 

variably described by Zoback (1989), Zoback 

and Zoback (1989), Bennett et al. (1999, 2003) 

and Payne et al. (2012) (Fig. 17). Some Quater-

nary deformation is manifested on either side of 

the western SRP in the form of normal faults and 

there is essentially no seismicity in the area (Fig. 

17), and analyses of global positioning system 

data suggest that the SRP acts as a coherent 

block, moving ~3 mm/yr westward (Payne et 

al., 2012).

The nearest measurements of S
H
 in the region 

include those in the extending region north of 

the SRP (Fig. 17; Pierce and Morgan, 1992; 

Janecke, 1993; Link and Janecke, 1993) with 

the S
H
 in the Big Lost River, Little Lost River, 

and Lemhi Valleys nearly perpendicular to the 

MH-2 S
H
 orientation. Conversely, the MH-2 ori-

entation is 20°–25° clockwise from the orienta-

tion in northern Nevada (Zoback, 1989) and the 

modern velocity vectors described by Bennett 

et al. (1999).

Due to the absence of perturbations or the 

very small local perturbations that may be caused 

by igneous processes or local structural com-

plexities, the stress state at MH-2 may re�ect 

the in�uences of regional stresses in the western 

SRP, the northern Basin and Range Province, and 

the extending area of central Idaho. Payne et al. 

(2012) indicated that the western SRP behaves as 

an intact block along with the Owyhee Plateau, 

moving westward. If we call on a local source 

for the stress variations at MH-2, this would 

imply that the modern stress and strain in the 

area are not coaxial, and some internal deforma-

tion occurs at depth in the western SRP that is 

not manifested at the surface. This deformation 

might be in the form of obliquely opening dikes, 

or slip along faults, as proposed here.

In the regional context, the MH-2 stress data 

and the proposed faults in the subsurface may be 

a manifestation of the northernmost part of the 

western Great Basin stress and velocity �elds 

(Zoback, 1989; Bennett et al., 2003; Faulds et 

al., 2016; Fig. 17) that continues into northern 

Idaho north of the SRP and easternmost Ore-

gon. This interpretation implies that the north-

northeast–trending S
H
 in the extending northern 

Nevada region continues into southwest Idaho, 

and is superposed on the western SRP (Fig. 17), 

creating a blind tectonic regime. The dominant 

trend of the Basin and Range structures north 

and south of the western SRP is north-south, 

and the oblique orientation of the stresses and 

their magnitudes (Zoback, 1989) are consistent 

with mixed-mode slip on the faults (Hammond 

and Thatcher, 2004). This extension is clearly 

observed in the geologic record (Anders et al., 

1989; Pierce and Morgan, 1992; Janecke, 1992) 

and geodetically (Payne et al., 2012). Superposi-

tion of the SRP volcanic complex on the actively 

extending region yields a sur�cially quiet fault-

ing regime that masks complex extensional pro-

cesses at depth (see Rodgers et al., 2002).

CONCLUSIONS

We examined the lithological, fracture, and 

stress data from the MH-2 borehole in the SRP 

(Idaho), where artesian thermal waters �owed 

from near the base of the borehole from a depth 

of 1745 m. Analyses of the lithologies in the 

core reveal the presence of 5 lithologic units 

arranged in 42 horizons 1–40 m thick in the 

interval from 1280 to 1820 m md. The units are 

grouped into 9 mechanical sequences, where 

stiff, strong basalts exhibit high densities of brit-

tle narrow fractures and faults, whereas the weak 

breccia and altered zones of basalt exhibit few 

fractures. Fault dips and slip rake angles vary 

from dip slip to strike slip, with no systematic 

distribution with depth. The potential geother-

mal reservoir is capped by a compliant visco-

plastic unit that could arrest fracture propagation.

The stress data and the amount of apparent 

offset in the borehole are strong indications that 

the MH-2 borehole penetrated a complex struc-

tural environment at the southeastern end of the 

western SRP. In situ stress measurements were 

determined from 1280 m to 1594 m md, and 

indicate an S
H
 orientation of 047°–067°. Esti-

mation of stress magnitudes from the size of 

the borehole breakouts and uncon�ned strength 

measurements are consistent with a normal 

fault stress state with a signi�cant component 

of strike-slip motion. We suggest that the MH-2 

hole drilled the �ank of a steep-sided gravity high, 

perhaps offset by north-trending oblique-slip 

normal faults in the middle of the southeastern 

part of the western SRP. The orientation of S
H
 at 

the MH-2 borehole re�ects either local second 

or third order complexities along the edge of the 

mid-plain gravity high, or represents the north-

ern continuation of the northern Nevada deform-

ing zone. This region of extension is under the 

volcanic complex, and continues into central and 

west-central Idaho. Faults oriented in this direc-

tion with normal motion down to the southeast 

are consistent with the stress orientations and 

magnitudes in our geomechanical model of nor-

mal and strike-slip movement. The map-scale 

setting indicates that north-northwest–trending 

faults may be present, and the small faults seen 

in the core re�ect normal-oblique slip.

APPENDIX 1. TERZAGHI CORRECTION AND 
WEIGHTING FOR FRACTURE DATA

For a borehole that intersects a set of dipping fractures 

(Appendix Fig. A1) fracture densities as de�ned by the num-

ber of fractures per unit distance will be biased because of 

the angle between the drillhole and the fracture. Here, δ = 

minimum angle between the fracture planes and drillhole. 

The true spacing of fracture set is given by

 D = D sin = D  (1/ W), (1)

where D′ = apparent spacing along a traverse oriented at an 

angle δ (Φιγυρευ Α.1)

 Let R = 1/D = 1/D sin = D  cosec =

 = true density of joint population. (2)

Then W = 1( )  cosec  (3)

is the weighting factor applied to individual poles in a data 

population. This weighting function tends to in�nity as δ 

approaches 0 (Priest, 1993), and so a maximum limit for this 

weighting must be set to prevent unreasonable results. This 

maximum limit corresponds to a minimum angle, which 

can be between 1° and 89.9°. We used a maximum weight-

ing factor of 15, which corresponds to a δ of 3.8°.
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Figure 17. Map of in situ stresses in the region. 

Stress data are plotted from the World Stress 

Map Project (2016); the locations of the active 

faults in the area are from the Quaternary 

fault and fold database of the U.S. Geologi-

cal Survey (2006). Earthquake epicenters (n 

= 4311) from 1960 to the present are from the 

U.S. Geological Survey National Earthquake 

Information Center (2016) database. The 047° 

azimuth of the S
H
 (see text) in the MH-2 bore-

hole are oriented 20°–45° clockwise from the 

S
H
 orientations in northern Nevada. Bound-

aries for regions of comparable stress, fault 

orientations, or global positioning system–determined velocity �eld (modi�ed from Bennett et 

al., 2003; Payne et al., 2012) are marked by blue lines. EGB—eastern Great Basin regime, which 

includes the Intermountain Seismic Belt; CGB—central Great Basin regime, with north-trending 

normal faults and westward motion; WGB—western Great Basin east-northeast–trending faults, 

with west-northwest–trending stresses and velocity �eld; OP—Owyhee Plateau.
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