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ABSTRACT 
To help determine the nature and origins of perme- 
ability variations within a fault-hosted geothermal 
reservoir at Dixie Valley, Nevada, we conducted bore- 
hole televiewer logging and hydraulic fracturing stress 
measurements in six wells drill4 into the Stillwater 
fault zone at depths of 2-3 km. Televiewer logs fYom 
wells penetrating the highly pen~eable (Le., produc- 
ing) portion of the fault zone revealed extensive 
drilling-induced tensile fractures, indicating that the 
direction of the minimum horizontal principal stress, 
Shmlnr is -S55"E. As the Stillwater fault at this loca- 
tion dips S45"E at -53" it is nearly at the optimal 
orientation for normal faulting in the current stress 
fieId. Hydraulic fracturing tests from these permeable 
wells show that the magnitude of Shmin is very low 
relative to the vertical stress Sv, especially within a 
few hundred meters of the fault zone where Shmi,,/Sv 
ranges from 0.45-0.51 at depths of 2.4-2.7 km. 
Coulomb failure analysis shows that Sb,YjSv in these 
wells is close to that @cted for incipient normal 
faulting on the Stillwater and subparallel faults. 
Similar measurements conducted in two wells pene- 
trating a relatively impermeable segment of the 
Stillwater fault mne 8 and 20 km southwest of the 
producing geothermal reservoir indicate that the orien- 
tation of Sbmrn is S20'E and S41 'E, respectively, with 
Sh,,,/SV ranging from 0.55464 at depths of 1.9- 
2.2 km. This mess orientation is near optimal for 
normal faulting on the Stillwater fault in the 
northernmost non-producing well, but -40" rotated 
from the optimal orientation for normal faulting in 
the southernmost well. The observation that borehole 
breakouts wen present in 'thise nonproducing wells, 
but absent in wells drilled into ihe permeable main 
reservoir, indicates a significant increase in the mag- 
nitude of maximum horizontal principal stress, SHmar, 
in going from the producing to non-producing seg- 
ments of rhe fault. This increase in SHmax. coupled 

the Stillwater fault zone with respect to the principal 
stress directions. leads to a dencast in the proximity 
of the fault zone to Coulomb failure. This suggests 
that a necessary condition for high resergoir perme- 
ability is that the Stillwater fault zone be critically 
stresstd for frictional failure in the current stress field. 

lNTRODUCTION 
To determine tectonic controls on the hydrology of a 
fhcturcdominated geothermal reservoir at Dixie Val- 
ley, NV, we are conducting an integrated study of 
fracturing, stress and hydrologic properties in ge+ 
thermal wells drilled into and near the Stillwater fault 
zone (Figure 1). This fault is a major, active, range- 
bounding normal fault located in the western Basin 
and Range province, Nevada (see Okaya and 
Thompson, 1985), and comprises the main memoir 
for a -62 M W  geothermal electric power plant oper- 
ated by Oxbow Geothermal Corporation. Although 
earthquakes have not ruptured this segment of the 
Stillwater fault in historic times, large (M = 6.8-7.7) 
earthquakes have occwed within the past 80 years 
along range-bounding faults -20 km to the northeast 
and southwest of the Dixie Valley Geothermal Field 
(DVGF). and geologic evidence shows that the Still- 
water fault abutting the DVGF expcrienctd two or 
more faulting episodes (total offset -9 m) during the 
past 12.000 years (Wallace and Whimey, 1984). 

The principal goal of this study is to &fine the 
nature, distribution and hydraulic properties of fk- 
tures associated with the DVGF, and to c- 
the manner in which these fractures, and hence the 
overall reservoir hydrology, an related to the local 
mess field. This project was initiated in late 1995 
with an extensive downhole measurements propram 
conducttd in a 2.7-kmdeep geothermal production 
well (well 73B-7) drilled into the Stillwater fault zone 
by Oxbow Geothermal Corporation (see Hickman an3 
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with elevated S,,,,/S, values and a missorientation of a b a c k ,  1997; Barton et ai., 1997; Hickman et al., 
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Fig. 1 Map showing test weIIs in Dixie Valley, Nevada. Injection and production wells penetrated highly 
permeable portions of the southeast-dipping Stillwater fault zone and are being used by Oxbow Geothemal 
Corporation to generate electric power. Observation wells failed to encounter sufficient permeability to be of 
commercial value. Measurements mnducttd in these wells are shown (TPS: Temperaturdpressurdspinner 
log; BHTV: High-temperature borehole televiewer log; HFRAC: Hydraulic fracturing stress measuremtnt. T: 
Precision temperature log). 

1997). This study has since expanded to include bore- 
hole televiewer, temperature and flowmeter logging 
and hydraulic fracturing stress measurements from 
additional wells within the primary zone of geothw- 
mal production (transmissivities on the order of I 
m’/min) and from wells within a few km of the 
producing zone that were relatively impermeable and, 
hence, not commercially viable (transmissivities of 
about 10‘ m2/min). The results from hydraulic h- 
turing stress measurements and observations of well- 
bore failure in these wells are presented below. 
Analyses of borehole logs for the geomemcal and 
hydrologic properties of individual fractures ad 
whole-we11 hydrologic properties are presented by 
Barton et a]. (this volume) and Morin et al. (this vol- 
ume), respec ti vel y . 
METHOD 
Although hydraulic fracturing tests are typically con- 
d W  in shon intervals of open hole using inflat- 
able rubber packers, high borehole t e m p t u r e s  
precluded the use of packers in these wells (see 
Hickman et al., 1988, for discussion of the hydraulic 
fracturing technique and the interpretation methods 
used here). Instead, the hydraulic fracturing tests dis- 
cussed here were either conducted in shon pilot holes 
during drilling of a new geothermal production well 
or in an open-hole sectjon of an drea3y drilled and 
cased well. In the frst type of test. following cemen- 
tation and pressure testing of each casing string, 15- 
to 30-m-long pilot holes were drilled out the bottom 
of the well and the entire casing string was pressur- 

ized to induce a hydraulic fkcture in the uncased 
pilot hole. Repred pressurization cycles were then 
employed to extend this fracture away from the bore- 
hole. In the second type of test, the entire borehole - 
including 2 to 3 km of cased hole plus up to 800 m 
of open hole - was pressurized during the hydraulic 
fracturing test and a spinner flowmeter log was con- 
ducted during the last cycle of the test to identify the 
depth at which the hydraulic fracture was mated. 
Pressures and flowrates were measured at the surf= 
and temperaturc~mpmated pressure gauges were 
suspended about 10-20 m above the test interval to 
provide a continuous record of downhole pressure 
during each test. The magnitude of the minimum 
horizontal principal stress, Sbmin, was detamined 
from the instantaneous shut-in pmsure (ISIP). or 
the pressure at which the pressure-time curve departs 
from an initial linear pressure drop immediately afia 
the pump is turned off and the we11 is shut in 
(Figure 2). Downhole pumping pressures recorded 
during a stepwise change in flow rate in the last 
pumping cycle of each test were used to detect 
changes in the permeability of the test interval re- 
sulting from closure of the hydraulic fracture and 
provided an additional consuaint on the magnitude of 
Shrnm. 

In a hydraulic fracturing test the magnitude of the 
maximum horizontal principal stress, SHm.rr is typi- 
cally determined utilizing a f?zcture initiation, or 
breakdown, criteria daived for p w  tensile fracturts 
initiating in intact rock along the SHmIr direction. In 
these wells, however, borehole televiewer logs con- 
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Fig. 1 Map showing test wells in Dixie Valley, Nevada. Injection and production wells penetrated highly 
pcrmeable portions of the southeast-dipping Stillwater fault zone and are being used by Oxbow Geothermal 
Corporation to generate elecmc power. Observation wells failed to encounter sufficient permeability to be of 
commercial value. Measurements conducted in these wells are shown CTpS: Tempcrature/pressupinner 
log; BHTV: High-temperature borehole televiewer log; HFRAC: Hydraulic fracturing stress measurement, T: 

-. Precision temperature log). 

1997). Tnis study has since expanded to include bore- 
hole televiewer, temperature and flowmeter logging 
and hydraulic fracturing stress measurements from 
additional wells within the primary zone of geother- 
mal production (transmissivities on the order of 1 
m2/min) and from wells within a few km of the 
producing zone that were relatively impermeable and, 
hence, not commercially viable (t-ansmissivities of 
about lo“ m’lmin). The results from hydraulic k- 
turing stress measurements and observations of well- 
h r e  failure in these wells arc presented below. 
Analyses of borehole logs for the geometrical an3 
hydrologic properties of individual fracnrres ad 
whole-well hydrologic properties arc presented by 
Barton et al. (this volume) and Morin et a]. (this vol- 
ume), respectively. 

METHOD 
Although hydraulic fracturing tests are typically con- 
ducted in short intervals of open hole using inflat- 
able rubber packers, high borehole temperatures 
prccluded the use of packers in these wells (see 
Hickman er al., 1988, for discussion of the hydraulic 
fracturing technique and the interpretation mehods 
used here). Instead, the hydraulic fracturing tests dis- 
cussed here were either conducted in short pilot holes 
during drilling of a new geothermal production well 
or in an open-hole section of an already drilled and 
cased well. I n  the first type of test, following cemen- 
tation and pressure testing of each casing string, 15- 
to 30-m-long pilot holes were drilled out the bottom 
of the well and the entire casing smng was pressur- 

ized to induce a hydraulic fracturt in the URCased 
pilot hole. Repeated pressurization cycles were then 
employed to extend this fracture away from the bore- 
hole. In the second type of test, the entire borehole - 
including 2 to 3 km of cased hole plus up to 800 m 
of open hole - was pressurized during the hydraulic 
fracturing test and a spinner flowmeter log was con- 
ducted during the last cycle of the test to identify the 
depth at which the hydraulic fracture was mated. 
Pressures and flowram were measured at the surface 
and temperam-compcnsatcd pressure gauges were 
suspended about 10-20 m above the test interval to 
provide a continuous rtcord of downhole p s u n  
during each test. The magnitude of the minimum 
horizontal principal stress, Sblia, was determind 
from the instantaneous shut-in pressure (ISIP), or 
the pressure at which the pressure-time curve departs 
from an initial linear pressure drop immediately after 
the pump is turned off and the well is shut in 
Figure 2). Downhole pumping pressures recccded 
during a stepwise change in flow rate in the last 
pumping cycle of each test were used to &ea 
changes in the permeability of the test interval re- 
sulting from closure of the hydraulic frixturc - a d  
provided an additional consn-aint on the magnitude of 
Sbrntn. 

In  a hydraulic fracturing test the magnitude of the 
maximum horizontal principal stress, SHm.I. is typi- 
cally deurmined utilizing B fracture initiation, or 
breakdown, criteria drrived for pure tensile fracaveS 
initiating in intact rock along the SHm.. direction. In 
these wells, however, borehole televiewer logs con- 
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Fig. 2 Surface pressure and flowrate rtcords from 
the hydraulic fracturing test conducted at 
1663-1690 m depth in well 73B-7. 
Pressures w u t  also rtcorded using a 
downhole temperaturecompensated pressure . 
msducer suspended a few meters above the 
test interval. 

ducted before and after the hydraulic fracturing tests 
showed that the tested intervals contained numerous 
pre-existing fractures (both natural and drilling- 
induced) at a variety of orientations (see below and 
Barton et al, this volume). Thus, it was not possible 
to directly measure the magnitude of SHmaa during 
these tests. However, as discussed below, bounds to 
the magnitude of SHmaa were obtained using esti- 
mates of the compressive strength of rock types 
encounted and the presence or absence of borehole 
breakouts in these wells. 

The venical (overburden) stress, Sv, was calculated 
using geophysical density logs conducted in the test 
wells, or nearby wells, in conjunction with rock 
densities measured on surface samples obtained from 
Dixie Valley (Okaya and Thompson, 1985). 

BESULTS AND DISCUSSION 

We have conducted borehole televiewer logs (see 
Zemanek et al., 1970) andlor hydraulic fracturing 
stress measurements in a total of eight wells at Dixie 
Valley (Figure 1). With the exception of a 550-m- 
decp water well drilled -1 km northeast of well 73B-7 
(well 24W-5) and a 3.4-kmdeep observation well (62- 
21) drilled toward the center of Dixie Valley, all of 
these wells penetrate the Stillwater fault zone at 
depths of 2 to 3 km. Four of these wells (73B-7, 
82A-7.74-7 and 37-33) peneuated the highly perme- 
able (Le., producing) segment of the fault zone 
constituting the main geothermal reservoir. The other 
two wells (66-21 and 45-14), which failed to encoun- 
ter enough permeability to be viable production 
wells, penetrated segments of the Stillwater fault zone 
located approximately 8 and 20 km southwest of the 
main reservoir. 

Drilling-induced Tensile Cracks Borehole Breakouts 
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Fig. 3 (a) BHTV Iog from well 73B-7 showing 

drilling-induced (cooling) fractures, imaged as 
undulating vertical features occumng on 
diametrically opposed sides of the borehole 
and aligned in a northeast-southwest direction. 
(b) BHTV log from well 66-21 showing the 
development of stress-induced breakouts 
(discontinuous dark bands). 

Producine Fault Seem en t 

Borehole televiewer logs fiom well 73B-7 revealed 
extensive drilling-induced tensile fractures (e+. 
Figure 3a). As discussed by Moos and Zoback (1990). 
these cracks result from the superposition of a ten- 
sional circumferential thermal stress induced by 
circulation of relatively cold drilling fluids and the 
concentration of ambient tectonic stresses at the bore- 
hole wall. As these tensile cracks should form dong 
the azimuth of maximum compressive stress, they 
indicate that the direction of SHmu in this well is 
N332 f 10" (see Hjckman and Zoback, 1977). 

Tensile (cooling) cracks were also observed in wells 
74-7 and 37-33. but they w u t  less extensively devel- 
oped than in well 73B-7 and their interpretation is 
more ambiguous. The distribution of tensile crack 
orientations in well 74-7 is bimodal, being aligned in 
a M2"E direction in the silicic tuff at 2580-2640 m 
depth and N38"E in gabbro and anorthosite (the Hum- 
bolt Lopolith) at 2&0-2680 m. As the Humbolt 
Lopolith contains all of the producing fractures en- 
countered in this well, we consider the corresponding 
S,, direction (N52"W) to be the most representative 
of the state of stress within the main geothermal res- 
ervoir at this site. Tensile cracks were encountered in 
well 37-33 within 150 m of the primary fluid- 
producing zone, but these cracks change orientation 
by up to 90" over only a few tens of meters. We in- 
terpret these orientation changes to result from' highly 

< 
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Fig. 4 Stress orientations and relative magnitudes at 

Dixie Valley. Orientations of the least 
horizontal principal stress, Shm1n,  and the 
greatest horizontal principal stress, SHmlxr an 
shown as black and gray arrows, respectively. 
The length of each arrow is proportional to 
the magnitude of the corresponding stress, 
normalized io the magnitude of the vertical 
stress Sv (dashed circle) appropriate for that 
well and test depth. Lower and upper bounds 
on SHmlx. determined through analysis of 
conditions necessary for breakout formation, 
are depicted as dark and light gray arrows, 
respectively. Stresses shown for wells 73B-T 
and 82A-7 are average values from ttUee 
measurements at 1.7 to 2.5 km depth. Also 
shown is the extent (in degrees) to which the 
Stillwater fault is locally deviated from the 
optimal orientation for normal faulting. 

localized perturbations to the in-situ stress field, per- 
haps resulting from slip on nearby hctures (see 
Barton and Zoback, 1994). rendering these features 
unreliable as stress direction indicators. No stress 
direction indicators wsre observed in televiewer logs 
from well 62-21. Taken together. tensile hctures 
from well 73B-7 and the lower portion of well 74-7 
indicate that the direction of Shmin adjacent to the 
highly permeable segment of the Stillwater fault zone 
is about S55'E 5 15'. As the Stillwater fault at this 
location dips S45"E at -53". it is thus nearly at the 
optimal orientation for normal faulting in the current 
stress field (see Figure 4). 

Analysis of hydraulic fracturing tests from the deep 
geothermal production wells 73B-7 and 82A-7, which 
were drilled in the immediate vicinity of the power 
plant (see Figure I ) ,  together with the shallow water 
well 24W-5 shows t3at the magnitude of Shin is very 
low relative to the calculated vertical stress, with 
S,,,,,/S, ranging from 0.45 to 0.62 at depths of 0.4 - 

2.5 km (Figure 5a). Stress measurements made near 
the bottoms of wells 73B-7 and 82A-7 indicate that 
sbmin/sv reaches its lowest values of 0.45 to 0.51 
within a few hundred meters of the Stillwater fault 
zone. A single stress measurement conducted in the 
relatively impermeable well 62-21, which was adja- 
cent to the primary producing segment of the 
Stillwater fault but locattd near the center of Dixie 
Valley (Figure l), yielded an Sb,i,& value of about 
0.56 at a depth of 2.9 km (Figure 5b). 

An extensive stress measurement program was also 
conducted during drilling of production well 37-33. 
located about 4 km northeast of the geothermal power 
plant (Figure 1). A to'al of five stress measurements 
were attempted in this well, only three of which actu- 
ally surnrrGn in inducing hydraulic fractures (Figure 
5c). The remaining two tests wen terminated when 
the maximum safe wellhead pressure (-12.4 MPa) 
was reached, yielding lower bounds to the magnitude 
of Sh+ These lower bounds, together with a success- 
ful hydraulic fracraring test at 1888 m, revealed 
relatively high ShmtnGV values of 0.74 or greater at 
depths of 1.57 to 1.89 km. The cause for these 
anomalously high Shmin magnitudes is unknown, al- 
though it could be due to relief of differential stress 
(Le., Sv - Sbm,,,) accompanying small-magnitude 
earthquakes or slip 7 rents occurring on faults basin- 
ward of the main Stillwater fault zone. It is important 
to note, however, that the deepest stress measurement 
in well 37-33, which was conducted directly above the 
Stillwater fault zone, yielded least horizontal stress 
magnitudes comparable to those observed is the other 
producing wells immediately to the southwest, with 
an S,,,,JSv value of 0.46 at a depth of 2.63 km 
(Figure 5c). 

Given the absence of borehole breakouts in the 
televiewer logs from the producing wells, upper 
bounds to the magnitude of S,, were obtained using 
&,min magnitudes measured in well 73B-7 together 
with theoretical models for breakout formation. These 
models (see Moos and Zoback, 1990) predict that 
borehole breakouts will initiate along the azimuth of 
Shin whenever the maximum circumferential stress, 
aWm", at the borehole wall ex& the unconfined 
compressive rock strength. C,; Le.: 

0) 
where Pp is the formation pore pressfire and P, is the 
mud pressure exerted on the borehole wall during 
drilling. Ideally, laboratory failure tests should k 
conducted on the same rocks penetrated by the well to 
determine the appropriate value for C, to use in Qua- 
tion l. Although we hope to conduct such tests in the 
future, such data art not yet available for the rock 
types penetrated by well 73B-7. Instead. we estimated 
C, based upon published compilations of the uniaxial 
compressive strength of rocks of similar €ithology 
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Fig. 4 Stress orientations aqd relative magnitudes at 
Dixie Valley. Orientations of the least 
horizontal principal stress, Shmln, and the 
greatest horizontal principal stress, SHmlx, arc 
shown as black and gray arrows, respectively. 
The length of each arrow is proponional to 
the magnitude of the corresponding stress, 
normalized to the magnitude of the vertical 
stress S, (dashed circle) appropriate for that 
well and test depth. Lower and upper bounds 
on SHmtx. determined through analysis of 
conditions necessary for breakout formation, 
arc depicted as dark and light gray arrows, 
respectively. Stresses shown for wells 73B-7 
and 82A-7 are average values from three 
measurements at 1.7 to 2.5 km depth. Also 
shown is the extent (in degrees) to whjch the 
Stillwater fault is locally &viattd from the 
optimal orientation for normal faulting. 
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localized perturbations to the in-situ stress field, per- 
haps resulting from slip on nearby fractures (see 
Barton and a b a c k ,  1994), rendering these features 
unreliable as stress direction indicators. No stress 
direction indicators were observed in televiewer logs 
from well 62-21. Taken together, tensile hctures 
from well 73B-7 and the lower portion of well 74-7 
indicate that the direction of SAmin adjacent to the 
highly permeable segment of the Stillwater fault zone 
is about S55"E f 15". As the Stillwater fault at this 
location dips S45"E at -53O, it is thus nearly at the 
optimal orientation for normal faulting in the current 
stress field (see Figure 4). 

Analysis of hydraulic fracturing tests from the decp 
geothermal production wells 73B-7 and 82A-7, which 
were drilled in the immediate vicinity of the power 
plant (see Figure I ) ,  together with the shallow water 
well 24W-5 shows that the magnitude of Shin is very 
Iow relative to the calculated vertical stress, with 
Shm,rjSV ranging from 0.45 to 0.62 at depths of 0.4 - 

2.5 km (Figure 5a). Stress measurements made near 
the bortoms of wells 73B-7 and 82A-7 indicate that 
SAm,,/SV reaches its lowest values of 0.45 to 0.51 
within a few hundred meters of the Stillwater fault 
zone. A single stress mtaSurement conducted in the 
relatively impermeable well 62-21, which was adja- 
cent to the primary producing segment of the 
Stillwater fault but Iocatrd near the center of Dixie 
Valley (Figure I) ,  yielded an Sbm,r jSV value of about 
0.56 at a depth of 2.9 km (Figure 5b). 

An extensive stress measurement program was also 
c o n d u d  during drilling of production well 37-33, 
located about 4 km nonheast of the geothermal power 
plant (Figure 1). A total of five stress measurements 
were attempted in this well, only three of which actu- 
ally surnnGn in inducing hydraulic fractures (Figure 
5c). The remaining two tests were terminated when 
the maximum safe wellhead pressure (-12.4 MPa) 
was reached, yielding lower bounds to the ma,gitude 
of Sbh. These lower bounds, together with a success- 
ful hydraulic fracturing test at 1888 m, revealed 
relatively high SbmInIS, values of 0.74 or grater at 
depths of 1.57 to 1.89 km. The cause for these 
anomaIous!y high S h m i n  magnitudes is unknown, d- 
though it could be due to relief of differential stress 
(Le., S, - Shmln) accompanying small-magnitude 
earthquakes or slip 7 ients occumng on faults basin- 
ward of the main Stillwater fault zone. It is important 
to note, however, that the deepest stress measurement 
in well 37-33, which was conducted directly above the 
Stillwater fault zone, yielded least horizontal stress 
magnitudes comparable to those observed is the other 
producing wells immediately to the southwest, with 
an sh,,,,& value of 0.46 at a depth of 2.63 km 
(Figure 5). 

Given the absence of borehole breakouts in the 
televiewer logs from the producing wells, upper 
bounds to the magnitude of S- were obtained using 
S b m i n  magnitudes measured in well 73B-7 together 
with theoretical models for breakout formation. These 
models (see Moos and a b a c k ,  1990) p r d c t  that 
borehole breakouts will initiate along the azimuth of 
Sbm,n whenever the maximum circumferential stress, 
owmu, at the borehole wall e x a d s  the unconfined 
compressive rock strength, C,; i.e.: 

where P, is the formation pore pressure and P, is the 
mud pressure exerted on the borehole wall during 
drilling. Ideally, laboratory failure tests should be 
conducted on the same r o c k s  penetrated by the well to 
determine the appropriate value for C, to use in Qua- 
tion l. Although we hope to conduct such tests in  the 
future, such data arc not yet available for the rock 
types penetrated by well 73B-7. Instead, we estimated 
C, based upon published compilations of the uniaxial 
compressive strength of rocks of similar lithology 
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(Lockner, 1995). This analysis requires that S,, be 
less than or equal to Sv at depths of 1.7 and 2.4 km, 
indicating a normal faulting stress regime (Figure 5a). 

Since the Shin azimuth determined in well 73B-7 and 
the lower portion of 74-7 indicate that the Stillwater 
fault is nearly at the optimal orientation for normal 
faulting (see Figure 4), stress magnitudes from the 
hydraulic fracturing tests in the produciiig wells can 
beandyzed in terns of the potential for slip on this 
and other (subparallel) faults. In accordance with the 

. Coulomb failure criterion, frictional failure (i.e., 
normal faulting) would occur at a critical magnitude 
of Shtn given by (Jaeger and Cook, 1976): 

S b m m  en1 = ( S V  - PPI 1 1(P2 + I)'" + PI + P, (2) 

Marine 

Fig. 5 Results from hydraulic fracturing tests 
conducted in wells adjacent to the permeable 
segment of the Stillwater fault. The dashed 
lines indicate the range of Shmin at which 
incipient normal faulting would be expected 
on optimally oriented faults for coefficients of 
friction of 0.6 to 1.0. (a) Three closely spaced 
wells associated with the primary mne of 
geothcxmal production. Uppcr bounds to 
Shu were &termined from the absence of 
borehole breakouts in  well 73B-7, using ' 

indicated values for the unconfined 
compressive rock strength, C,. (b) Well near 
the center of Dixie Valley. The P, values 
were calculated using the observed surface 
shut-in pressure of 0.5 m a .  Two data points 
reflect the uncertainty in identifying the depth 
at which t h i s  hydrofk was created. (c) 
Production well located at the northernmost 
end of the Dixie Valley Geothemal Field. 
The lower bounds were obtained through two 
successive pressurizations of the open hole 
which failed to induce a hydraulic fracture. 

where p is the coefficient of friction of preexisting 
faults. It is assumed here that p ranges from 0.6 to 
1.0, in accord with laboratory sliding experiments 
(after Byerltc. 1978). Estimates of undisturbed (Le., 
prc-production) formation fluid pressure were obtained 
assuming that P, was in hydrostatic equilibrium with 
the water table at. 152 m depth by integrating w a r  
density as a function of pressure and temperature 
(from Keenan et al., 1978), as appropriate to ambient 
geothermal conditions. and including a small correc- 
tion for total dissolved solids. Pressure logs condwted 
in  deep (< 2.7 km) wells drilled into the Stillwater 
fault zone and adjacent rocks prior to large-scale gect. 
thermal production about 10 ycars ago indicate that 
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this Pp is accurate to within 0.5 MPa for units pene- 
trated by the production wells. at least below about 
250 meters. 

In this manner, one can calculate me range of Sbmln 
magnitudes at which normal faulting would be cx- 
pected for wells penetrating the producing segment of 
the Stillwater fault zone (Figure 5a and c). This 
analysis indicates that Shmln at depths of 0.4 to 2.6 km 
in the southernmost producing wells (Figure 5a) and 
at depths of 0.4 and 2.7 km in well 37-33 (Figure 5c) 
is close to that predicted by Byerlee's Law (i.e.. Qua- 
tion 2 for p = 0.6-1) for incipient normal faulting on 
the Stillwater and subparallel faults. Similar results 
were obtained from the '%background" well 62-21 
(Figure 5b). indicating that these near-failure loading 
conditions persist to some distance from the fault 
zone. 

Permeability reduction and the establishment of fault 
seals would be expected along this segment of the 
Stillwater fault, given the high reservoir temperatures 
(-220-250' C at 2.3-3.0 km); surface observations of 
hydrothermal alteration, mineralization and pressure- 
solution deformation within and adjacent to the fault 
zone (e.g., Seront et a]., 1997); and thermal evidence 
for upward transport of hydrothermal fluids within the 
fault zone (Benoit, 1996; Williams et al., 1997). In 
particular, analysisbf fluid samples m v d  fiom 
the Stillwater fault zone prior to reservoir production 

indicate a decrease in silica concentration of about 120 
ppm as these fluids ascend from 3.0 to 2.3 km. This 
loss of silica might be expected to seal fractum 
within the Stillwater fault zone over geological time 
scales, thereby destroying the high overall fault-zone 
permeability. However, the observation that the per- 
meability of fractures within and adjacent to the 
highly productive segment of the Stillwater fault zone 
is quite high (see Monn et al., this volume) and that 
these fractures arc favorably aligned and critically 
stressed for normal faulting i n  the cumnt stress field 
(Barton et al., this volume) suggests that ongoing 
fault slip in response to high differential stresses (Le., 
S, - Sbmin) is sufficient to cuunteract the expected 
permeability reduction. 

Similar data were collected in the two wells (66-21 
and 45-14) penetrating relatively impermeable seg- 
ments of the Stillwater fault mne (Figure 1). Unlike 
wells adjacent to the productive fault segment, 
televiewer logs from both of these wells showed the 
intennittent development of sass-induced borehole 
tucakouts over much of the logged intervals (Figure 
3b; see also Figure 6). These breakouts indicate that 
the direction of S,,,, in wells 66-21 and 45-14 is 
N20'W f 20" and N41°W f 12". respectively (Figure 
4). Even though the Sbmin dirtction from well 66-21 
is significantly different than that observed'in the 
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initiation criteria and estimates of C,. In this analysis we assumed that C, was q u a l  to 1 0 0  or 150 MPa for 
the Humbolt Lopolith (gabbro and anorthosite) and quartzite, although the actual value of C, could be muck. 
higher (see Lockner. 1995). 
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this P, is accurate to within 0.5 MPa for units pene- 
trated by the production wells, at least below about 
250 meters. 

In this manner, one can calculate the range of &mi,, 

magnitudes at which normal faulting would be ex- 
pected for wells penetrating the producing segment of 
the Stillwater fault zone (Figure 5a and c). This 
analysis indicates that Shmm at depths of 0.4 to 2.6 km 
in  the southernmost producing wells (Figure 5a) and 
at depths of 0.4 and 2.7 km in well 37-33 (Figure 5c) 
is close to that predicted by Byerlet's Law (Le., Eqw 
tion 2 for p = 0.61) for incipient normal faulting on 
the Stillwater and subparallel faults. Similar results 
were obtained from the "background" well 62-21 
(Figure 5b), indicating that these near-failure loading 
conditions persist to some distance from the fault 
mne. 

Permeability reduction and the establishment of fault 
seals would be expected along this segment of the 
Stillwater fault, given the high reservoir temperatures 
(-22G250" C at 2.3-3.0 km); surface observations of 
hydrothermal alteration, mineralization and pressure- 
solution deformation within andBdjacent to the fault 
zone (e&, Seront et a]., 1997); and thermal evidence 
for upward transport of hydrothermal fluids within the 
fault zone (Benoit, 1996; Williams et al., 1997). In 
particular, analysis-of fluid samples r t c o v d  from 
the Stillwater fault zone prior to reservoir production 

indicate a decrease in silica concentration of about 120 
ppm as these fluids ascend from 3.0 to 2.3 km. This 
loss of silica might be expected to seal hctllres 
within the Stillwater fault zone over geological time 
scales, thereby destroying the high overall fault-zone 
permeability. However, the observation that the per- 
meability of fractures within and adjacent to the 
highly productive segment of the Stillwater fault zone 
is quite high (see Morin et al., this volume) and that 
these fractures art favorably aligned and critically 
sf~essed for normal faulting in the current stress field 
(Barton et al., this volume) suggests that ongoing 
fault slip in response to high differential stresses (Le., 
S, - Sbmm) is sufficient to cuunteract the expected 
permeability reduction. 

Won-Produc' inp Fau It S e - m  

Similar data were collected in the two wells (66-21 
and 45-14) penetrating relatively impermeable seg- 
ments of the Stillwater fault mne (Figure 1). Unlike 
wells adjacent to the productive fault segment, 
televiewer logs from both of these wells showed the 
intermittent development of mess-induced borehole 
breakouts over much of the logged intervals (Figure 
3b; see also Figure 6). These breakouts indicate that 
the direction of Shmln in wells 66-21 and 45-14 is 
N20"W f 20" and h'41OW k 12". respectively (Figure 
4). Even though the Shmra direction from well 66-21 
is significantly different than that observed ' i n  the 



producing wells to the northeast, it is still nearly 
perpendicular to the local strike of the Stillwater fault 
zone, indicating that the fault at this location is op 
timally oriented for normal faulting. In contrast, 
stress orientations from well 45-14 are similar to 
those observed in the producing wells, even though 
the local strike of the fault differs by about 40" 
(Figure 4). Thus, the Stillwater fault adjacent to this 
southernmost well is severely missoriented for nor- 
mal faulting in the present stress field. 

A single hydraulic fracturing stress measurement was 
conducted in each of these non-producing wells 
(Figures 6a and b). Temperaturdpressu:e/spinner logs 
collected during.the final cycles of these tests show 
that these hydrofiacs were induced near the bottoms of 
wells 66-21 and 45-14, just below the casing apd 
within several hundred meters of the anticipated inter- 
section point with the Stillwater fault zone. ?hese 
tests indicate that Sb,,,/Sv adjacent to the non- 
producing segment of the Stillwater fault ranges h m  
0.55 to 0.64 at depths of 1.9 to 2.2 km. which is 
higher than the values of 0.45 to 0.51 observed at 
depths of 2.4 to 2.6 km in the producing wells to the 
northeast. 

Since breakouts were present in wells 66-21 and 45- 
14, we used Equation 1 to place lower bounds on the 
corresponding magnitude of SHmrr. In so doing, we 
extrapolated our measurements of S,, magnitudes in 
these wells to the depths at which bnakouts war 
observed (assuming constant S,,,,/S,) and used a con- 
servative range of estimates for the compressive 
strength of rock types encountered at these depths 
(af terkkner ,  1995). In this manner, we duamined 
that the magnitude of SHmlx in these non-productive 
wells is greater than or equal to S, (Figure 6). This is 
in marked contrast to wells penetrating the permeable 
main reservoir, where SHmU is less than Sv (Figure 
5a). 

As done for wells adjacent to the permeable fault 
segment, we used Equation 2 to detcmrine the prox- 
imity of nearby optimally oriented normal faults to 
Coulomb failure. Interestingly, fluid pressures in 
wells 66-21 and 45-14 are artesian, in contrast to the 
subhdydrostatic pressures encountered in wells pew.- 
trating the main geothermal reservoir. Although the 
static fluid pressure within the Stillwater fauIt zone at 
these locations is not well know, the long-term well- 
head shut-in pressure for well 66-21 is -2.7 MPa an3 
we have used this value as the datum in calculating Pp 
at depth for both of these sites (set Figure 6). For 
well 66-21, this analysis indicates that the magnitude 
of Shmtn is not quite low enough to induce frictional 
failure (Figure 6a). Thus, the Stillwater and subparal- 
lel faults arc optimally oriented - but not critically 
stressed - for normal faulting. 

In contrast, appIica5on of Byerlee's Law to well 45- 

14 indicates that Sbmrn at this site is low enough to 
result i n  incipient frictional failure on optimally ori- 
ented normal faults (Figure 6b). Indeed Coulomb 
failure analysis performed on individual h r u r e s  in 
this well (Barton et al., this volume) indicates that 
some - but not all - of the hydraulically conductive 
fractures encountered in this well are critically stressed 
for frictional failure. However, the combined effects 
of an increase in S- magnitudes relative to Sv, d 
the extreme misorientation of the Stillwater fault 
zone with respect to the principal stress directions 
near well 45-14 (Figure 4), I& to a derreasc in the 
proximity of the Stillwater fault =ne itself to Cou- 
lomb failure (see also Barton et al., this volume). 
This observation, together with our analysis indicat- 
ing that the magnitude of Shmia in well 66-21 is too 
high to result in incipient normal faulting (even on 
optimally oriented faults), suggests that a ~ecessary 
condition for high reservoir permeability is that both 
the local state of stress and the orientation of the 
Stillwater fault zone be such that the fault is critically 
stressed for frictional failure. 

CONCLUSIONS 
Hydraulic fracturing stress measurements and obser- 
vations of borehole wall failure to depths of 3.0 km 
indicate that in-situ stresses are of the appropriate 
magnitude and orientation for frictional failure (i.e.. 
normal faulting) on the highly permeable segment of 
the Stillwater fault zone constituting the principal 
reservoir for the Dixie Valley Geothermal Field. 
Specifically. the magnitude of the least horizontal 
principal stress dewmined in these geothermal pro- 
duction wells is in accord with simple frictional 
faulting theory assuming laboratoryderived coeffi- 
cients of friction of 0.6 to 1.0 and estimates of the 
in-situ fluid pressure that existed prior to large-scale 
geothermal production. In contrast, similar meas- 
urements made in wells drilled into non-productive 
(i.e., relatively impermeable) segments of the Still- 
water Fault zone southwest of the main rrsentoir in- 
dicate that these fault segments an not critically 
stressed for frictional failure in the current stress 
field. Thus, in-situ measurements of stress wienta- 
tions and magnitudes in proximity to fault-hosted 
geotkmal  reservoirs can help indicate which faults 
or fault segments might be viable candidates for geu- 
thermal production. 
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