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Continuation of a Deep Borehole Stress Measurement Profile
Near

1.

the San Andreas

Fault

Hydraulic Fracturing Stress Measurements at Hi Vista,
Mojave Desert, California
STEPHEN
H. HICKMAN,x MARK D. ZOBACK,
2 ANDJOHNH. HEALY
U.S. GeologicalSurvey, Menlo Park, California

Hydraulic fracturing stressmeasurementswere made in a 592-m-deep well at Hi Vista, California, 32
km from the San Andreas fault in the western Mojave Desert. The relative magnitudes of the horizontal
principal stressesand the calculated overburden stress indicate that the stress regime at this site is
transitional between thrust faulting and strike-slip faulting. The azimuths of the induced hydraulic

fractures
at Hi Vistaexhibitconsiderable
scatter,
and•'heindicated
direction
of themaximum
horizontal
principal stressrangesfrom north-northeastto northwest.The measuredmagnitudesof the horizontal
principal stressesand the horizontal deviatoric stressin this well are lessthan or equal to those measured
in a nearby well of comparable depth 4 km from the San Andreas fault. This result contrastswith the
increasein these stresscomponentswith distancefrom the San Andreas fault that was observedin a
shallower borehole profile in the same area. Marked fluctuations in both stressmagnitudes and orientations with depth in the Hi Vista well, however, may result from a localized perturbation to the regional
stressregime.No correlation was found to exist in this well betweenstressmagnitudesand either P wave
velocitiesor natural fracture densities,although the low stressesmeasuredat a depth of about 540 m may
reflectproximity to an intenselyfracturedand permeablezone at the bottom of the well.

INTRODUCTION

Resolution of the debate concerningthe magnitude of shear
stressacting on tectonically active faults such as the San Andreas [see Hanks and Raleigh, 1980] is essentialto an understanding of plate tectonic driving forces and the mechanicsof
faulting. The most convincing evidence for low shear stress
(<20 MPa) averaged over the upper 14 km of the San Andreas fault

is the absence of an associated

surface heat flow

anomaly [Brune et al., 1969; Lachenbruch and Sass, 1973,
1980]. A low-stress fault is also suggestedby in situ stress
indicators showing that the direction of maximum horizontal
compressionin central California is nearly perpendicular to
the San Andreas fault [Mount and Suppe,1987; Zoback et al.,
1987]. High average shear stress (• 100 MPa) on the San
Andreasfault over this same depth interval is suggested,however, by laboratory observationsof the frictional strength of
fractured rock [e.g., Stesky and Brace, 1973; Hanks, 1977;
Sibson,1983].
Elastic models of the San Andreas fault system [Lachenbruch and Sass, 1973, 1980; Zoback and Roller, 1979; McGarr,

1980; McGarr et al., 1982] have shown that variations in
shear stress with distance from the San Andreas fault, and

with depth in an individual well, have the potential for revealing the state of stresson the fault at seismogenicdepths.
Hydraulic fracturing stressmeasurementsmade in a profile of
four shallow (• 230 m) wells near the San Andreas fault in the
western Mojave Desert (wells Moj 1, 2, 4, and 5 in Figure 1)
•Now at Department of Earth, Atmospheric,and Planetary Sciences,MassachusettsInstitute of Technology,Cambridge.
2Now at Departmentof Geophysics,StanfordUniversity,Stanford,
California.
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show the following characteristics [Zoback and Roller, 1979;
Zoback et al., 1980]. First, in all wells the magnitudes of the
horizontal principal stressesand the maximum horizontal
shear stressincreasewith depth. Second, the horizontal principal stressesand the shear stressat comparable depths are
greatest in the wells farthest from the fault. Third, the vertical
gradients in thesestressesare largest in the wells farthest from
the fault.

The shallow-profile measurements can be explained by
models incorporating either high or low ambient shear stress
on the San Andreas fault, depending upon the choice of
boundary conditions and the presumed effect of high nearsurface natural

fracture

densities on the observed

vertical

and

horizontal gradients in the horizontal principal stressesand
shear stress [Zoback and Roller, 1979; Zoback et al., 1980;
McGarr, 1980; $tierman and Zappe, 1981]. In order to better
constrain the vertical and horizontal gradients in stress near
the San Andreas fault, the U.S. Geological Survey drilled three
0.6- to 0.9-km-deep holes along a profile roughly perpendicular to the San Andreas fault in the western Mojave Desert
(Figure 1). Stress measurements from the first of these wells,
the Crystallaire well (XTLR), are discussedby Zoback et al.
[1980]. Stress measurementswere made in the second deep
well, the Hi Vista well, in the summer of 1981 and Hickman et
ai.'s [1981] preliminary analysis of these data was discussed
by McGarr et al. [1982]. Using a simple elastic model,
McGarr et ai. [1982] (seealso Leafy [1985, 1987] and McGarr
[1987]) extrapolated the XTLR, Hi Vista, and shallow-profile
stress data to seismogenicdepths and concluded that the
average shear stress acting on the upper 14 km of the San
Andreas fault is about 56 MPa, a result that significantly exceeds the heat flow constraint [Lachenbruch and $ass, 1980]
but is compatible with laboratory measurementsof the frictional strength of fault gouge [Morrow et al., 1982]. Only two
impressionswere made of the hydraulic fractures at Hi Vista
in 1981 becauseof funding limitations; this well was reoccu-
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Fig. 1. Map of the westernMojave Desertshowingthe locationof the Hi Vista, Crystallaire(XTLR), BlackButte,and
Cajon Passdeepholesand the shallowstressmeasurement
holesMoj 1, 2, 4, and 5; wellsXTLR and Moj 2 are located
within 20 m of eachother.Well-locatedfaultsexhibitingQuaternarydisplacements
are shownas solidlines;approximatelylocatedor concealed
Quaternaryfaultsare shownasdashedor dottedlines,respectively
[afterJennings,
1975].

pied in the summerof 1987 with longerimpressionpackersfor
the purpose of obtaining additional hydraulic fracture orientations. Here we presentthe final analysisof all hydraulic fracturing data from the Hi Vista well and examine the implications of these data for the stressregime near the San Andreas fault. Stress measurements

from the most recent of the

deep profile wells, the Black Butte well, are presentedand
discussedby Stockand Healy [this issue].

intensely fractured, rubbly, and highly permeable zone was
also encountered

at about

570 m and extends to an unknown

depth below the bottom of the well I-seeHealy and Urban,
1985]. Becausetopographic relief at the Hi Vista site is negligible (the nearest butte lies 7 km to the southwest) and the
hole is everywhere within 3ø of vertical, no topographic or
drift correctionswere applied to the stressdata.
METHOD

MEASUREMENT SITE

The Hi

Vista

well is located

The hydraulic fracturing techniqueand the interpretation

32 km northeast

of the San

Andreas fault in the westernMojave Desert (Figure 1). This
well was drilled using the air hammer technique[see Healy
and Urban, 1985] and penetrated about 2-4 m of alluvium
before entering the regionally extensive late Mesozoic intrusive basement.Drill cuttings indicate that the rock at Hi Vista
is granite of uniform mineralogy [Stiermanand Healy, 1985].
The diameter of the Hi Vista well decreaseswith depth in a
steplike manner from 18 cm between 90 m and 274 m, to 17.2
cm between 274 m and 427 m, to 16.5 cm between 427 m and

the bottom of the hole at 592 m. During drilling, an intensely
fractured zone at 469 m produced a large influx of water and
rock

debris

and was cemented

off to stabilize

the hole. An

methods and equipment used at Hi Vista are described in
detail elsewhere FZoback et al., 1980; Hickman and Zoback,
1983; Hickman et al., 1985-]and will only be summarizedhere.
Before conductinga hydraulic fracturing test, borehole t½leviewer ]-seeZemaneket al., 1970] and caliperlogsare usedto
select an approximately 4.5-m-long interval of the borehole
that is free from discernable natural fractures, borehole elongation, and other borehole irregularities. Rubber straddle
packersare then inflated in this interval and the pressurebe-

tweenthe packersis raiseduntil a fractureis induced.Repeated pressurizationcyclesare employed to extend this fracture
away from the borehole (see pressureand flow records in the
appendix).Following the hydraulicfracturingtest,impression
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Fig. 2. Downhole instantaneousshut-inpressure(ISIP) as a function of total pumped volume for hydraulicfracturingtestsat Hi Vista.
The first ISIP shown for each test is from the secondcycle becauseof
rapid pressuredecaysafter breakdown on the first cycle. Flow rates
during the initial cyclesof thesetestswere held constantat about 34
L/min and, with the exceptionof the 178-m test, were decreasedin a
stepwisemanner during the final one to two cycles(seeFigure A1 in
the appendix).ISIPs determinedafter low-flow rate pumpingare circled and the correspondingflow rate is indicated. Also shown is the
calculatedoverburdenstressS,,at eachdepth.

test may have been contaminated by the near-field rotation of
an initially vertical fracture in responseto a vertical least principal stress(see the appendix). Since the final ISIP in such a
casewould underestimatethe magnitude of S•, the true magnitude of S• should lie between the final downhole pumping
pressure and the final ISIP provided that the relationship between downhole pumping pressure and flow rate determined
in this pumping test is linear.
The magnitude of the maximum horizontal principal stress
Su is determinedfrom the concentrationof stressesaround a
circular borehole using the equation (Bredehoeftet al. [1976];
after Haimson and Fairhurst [1967] and Hubbert and Willis
[1957])

Pro= 3S•- Su -- P•,

(1)

whereP, is theformationporepressure
and Pfois the fracture

opening pressure,or the pressureat which the already formed
hydraulic fracture reopensat the borehole wall to acceptfluid.
In deriving (1) the rock in the vicinity of the borehole is assumed to be impermeable, linearly elastic, and isotropic. In
determining fracture opening pressuresfor use in (1) we pump
packers[Andersonand Stahl, 1967] or a boreholeteleviewer at the same flow rate in all cycles of a given test and pick as
are used to determine the orientation

of the induced fracture.

When the hydraulic fracturing stress measurement tech-

nique is usedin verticalboreholes,one principalstressis assumed to be vertical and equal in magnitude to the overbur-

den pressureS•. A verticalhydraulicfractureshouldthen form
at the borehole in a direction perpendicularto the minimum
horizontalprincipalstressShand,if the leastprincipalstressis
horizontal, continue to propagate in its original plane [e.g.,
Hubbert and Willis, 1957; Haimson and Fairhurst, 1970].

When the least principal stressis vertical, however, the hydraulic fracture should rotate into the horizontal plane as it

propagatesaway from the borehole [see Warren and Smith,
1985]. The latter phenomenonis indicatedby testsin which
the long-term shut-in pressureapproachesS•, [Zoback et al.,
1977, 1980] or, if the horizontal segment of the hydraulic
fracturepropagatesback into the borehole,both the pumping
and instantaneous shut-in pressuresdramatically decrease
[Haimsonand Fairhurst, 1970; Haimson,1982]. Alternatively,
althoughthe use of inflatable packersis thought to favor the

Pfothe pressureat which the pressurizationcurve in the third
cycle deviates from that establishedin the first cycle prior to
breakdown (Figure 3' seeHickman and Zoback [1983]).
The overburden stress(lithostat) was calculated for a den-

sity of 2.68 + 0.02 g/cm3. We computedthis density using
X ray modal analyses of 14 whole rock samples collected at
regular intervals during drilling of the Hi Vista well (D. Stierman, written communication, 1983) (see also Stierman and
Healy [1985]), assuming a saturated porosity of 0.1%. This
value is the same as that measured by Ross [1972]

(2.68+ 0.03 g/cm3) on nine hand samplescollectedfrom surface outcropsnear Hi Vista.
DETERMINED

STRESSES

The hydraulic fracturing testsat Hi Vista are discussedat
lengthin the appendix,and the resultssummarizedin Table 1.
The magnitudesof S•, Sn, and the maximum horizontallydirectedshearstressacting on vertical planes(henceforthdenot-

ed "shear stress")are shown in Figure 4. The number of stress
measurements at Hi Vista was limited by the scarcity of
the boreholewhen St,< Sh,apparentlydue to the pressuriza- fracture-freeintervalsof sufficientlength for the straddlepacktion of preexistinghorizontal flaws [Evans et al., 1988a] or ers,especiallyin the lower half of the well.
The hydraulicfracturingmeasurements
at Hi Vista indicate
beddingplanes[Haimson, 1982].
The magnitudeof S• is determinedfrom the stableinstanta- an overall increase in magnitude of the horizontal principal
with depth,but with considerablelocal variability; the
neousshut-inpressure(ISIP) attainedin later pressurization stresses
cycles(Figure 2). In the manner of Gronsethand Kry [1983], shear stressmagnitude follows a similar pattern, although the
the ISIP is defined as the pressureat which the pressure-time amplitude of theseoscillationsis smaller(Figure 4). Except for
curvedepartsfrom an initial linear pressuredrop immediately the near-hydrostaticstressstate observedat depthsof 225 and
after the cessationof pumping (seeFigure A1 in the appendix). 271 m, the relative magnitudesof the two horizontal principal
We customarilyreduce the flow rate at the end of a test in stresses and the calculated overburden stress indicate a stress
order to minimize viscouspressurelossesin the hydraulic frac- regime at Hi Vista that is transitional betweenthrust faulting
ture and verify that a stableISIP has been reached(Figure 2) and strike-slipfaulting.
[see Hickman and Zoback, 1983]. Furthermore, as discussed The measuredmagnitudesof S• and Sn at Hi Vista can be
by Hickman et al. [1985], downhole pumping pressuresmea- analyzedin terms of the potential for slip on favorably orientsuredduring a stepwisereductionin flow rate can be usedto ed preexistingfault planes [e.g., Brace and Kohlstedt, 1980]. In

formation of axial fractures [e.g., Haimson and Fairhurst,
1970], horizontal hydrofracshave been observedto initiate at
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Fig. 3. Initialpressurizations
on all cycles
for theHi Vistatests.Fractureopening
pressures
(solidtriangles)
werenot
pickedon latercycles
at 271,491,and537m because
of nonlinearity
in theinitialpressurizations
(seegeneral
comments
in

theappendix).
Fractureopening
pressures
on thethirdcycles
wereusedin thedetermination
of Sn, withuncertainties
shownby opentriangles.
The surface
pressure
recordspresented
hereare affectedby a viscous
pressure
dropin a
high-pressure
hosebetween
the pressure
transducer
andthe wellhead
duringpumping;
the magnitude
of thispressure
droprangesbetween
0.4-1.0MPa at breakdown
on the firstcycleand0.9-1.2MPa duringfractureopeningon later
cycles.Aftersubtracting
this pressure
dropfrom the pressures
shown,the approximate
downhole
pressure
may be
obtainedby addingthe hydrostatic
pressure
in the drill pipe(at a gradientof 9.81x 10-3 MPa/m).No appreciable
pressuredrop due to flow occurredin the drill pipe at the flow ratesused.

accordance with the Coulomb failure criterion, frictional sliding will occur on optimally oriented planes at a critical ratio
of the maximum and minimum effectiveprincipal stresses.
If
these planes have zero cohesion,sliding would occur at the

through analysis of this data in terms of the potential for
strike-slipfailure. Given the measuredmagnitudeof Shat 544
m, for example,the critical magnitudesof Sn for which strikeslip faulting would be expectedat this depth are 23.5 and 40.3
criticalmagnitudeof the greatestprincipalstressS• [Jaeger MPa for # - 0.6 and 1.0, respectively.
and Cook, 1976, pp. 97, 223]:
As the resolution of the borehole televiewer proved insufficient for this purpose, impression packers were used to deterS•* ---[(#2-4-1)•/2-4-#]2(S
3-- Pp)'4-Pp
(2) mine the orientations of five out of the sevenhydraulic fracwhereS3 is theleastprincipalstress,
P•,is theporepressure, tures at Hi Vista. Four of these impressions are shown in
and # is the coefficientof frictionof preexistingfractures.We Figure 5; a fifth impression was obtained of the hydraulic
assumeherethat # rangesfrom0.6 to 1.0[after Byeflee,1978] fracture at 323 m using a 1.3-m-long impressionpacker and
and that P, is in hydrostatic
equilibriumwith the watertable revealed short segmentsof near-vertical hairline fractures exat 117m. Using(2), we havecalculatedthe rangeof SH mag- tending for about 0.5 m on opposite sidesof the borehole. As
nitudesat whichthrustfaultingwould be expectedgiventhe discussed
in the appendix,Sn azimuthswere determinedfrom

calculatedoverburdenstresses
(Figure 4). With the possible all but one of theseimpressions
(Figure 4 and Table 1): no Sn
exceptionof the measurementat 178 m, comparisonof the azimuth was determined at 225 m because the impression
measuredSH magnitudeswith this failure envelopeindicates from this depth (Figure 5b) showed two equally prominent
that the potential for frictional failure of the rock mass near
the Hi Vista well is small. Similar conclusions are reached

vertical fracture traces which differed in azimuth by 110ø. Unfortunately, the large scatter in azimuths and the relatively
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Fig. 4. (.•) Natural fracture density in the Hi Vista well as determinedfrom the borehole televiewer.Two zones of
unusuallyintensefracturingare indicated,one at a depth of 469 m and the other startingat about 570 m and extendingto
an unknown depth below the bottom of the well. (b) P wave velocity in the Hi Vista well determined with a downhole
sonic logging tool at dominant frequenciesof 1'0-20 kHz [Moos and Zoback, 1983]. (c) Magnitudes of the minimum
horizontalprincipal stressSh, the maximum horizontalprincipal stressSn, and the overburdenstress(lithostat)at Hi
Vista. The thrust faulting lines indicate the domain of Sn magnitudesfor which frictional failure might be expectedon
favorably oriented fault planesfor coefficientsof friction ranging from 0.6 to 1.0 (seetext). The lithostat was calculated
usinga densityof 2.68 g/cm3 (seetext).(d) The maximumhorizontallydirectedshearstressactingon verticalplanes,equal
to (S• -- S•,)/2.(e)The azimuthof S• (quality:G, good;F, fair; P, poor).

small sample size preclude any meaningful statistical representation

of the stress orientation

at this site.

DISCUSSION

In Situ Stress Variations

in the Hi

Vista

Well

Hydraulic fracturing stress measurementsmade in other
wells near the San Andreas fault have shown that the magnitudes of both horizontal principal stressesand the shear
stressat any given site tend to increasewith depth, although
often in a steplike manner [Zoback et al., 1980; McGarr et al.,
1982; Stock and Healy, this issue]. In contrast, the Hi Vista
data indicate marked decreasesin the magnitude of Sn, and to
a lesserextent Sh and shear stress,with depth over two discrete depth intervals (Figure 4). We will briefly examine possible causes for these fluctuations before discussingthe implications of the Hi Vista data for the stressregime near the San
Andreas

fault.

hole breakouts in the granitic and gneissicrocks of the Cajon
Pass borehole, about 40 km to the southeast of the XTLR well
(Figure 1) [Shamir et al., 1988].
One possibleexplanationfor thesedeparturesfrom the expected trend of increasingstressmagnitudeswith depth at Hi
Vista is variation in the bulk elastic properties of the surrounding rock mass.As natural fractures have been shown to
increasethe compliance of granitic rocks [Pratt et al., 1977],
the low stresses observed between 220 and 280 m and below

530 m might, for example,correspondto zonesof anomalously high natural fracturedensityor low P wave velocity.This is
especiallylikely if the majority of the natural fractures dip
steeply(> 50ø),as is the casein the Hi Vista well [Springerand
Ader, 1987], or if these fractures were sites for enhanced geochemical alteration or microcrack production [see Moos and
Zoback, 1983]. A comparison between the in situ stresses,the
natural fracture density, and the sonic P wave velocity (Figure
4), however, showsno discernableincreasein fracture density,
or decreasein sonic P wave velocity, coincident with the low

Stresscontrasts are frequently observedwithin sedimentary
or volcanic rock sequences[e.g., Barton, 1983; Haimson and stressesmeasured at 225, 271, 537, or 544 m. The pronounced
Rummel, 1982; Evans et al., 1988b] or across major strati- decrease in stressesbetween 491 and 537 m, however, might
graphic discontinuities [Haimson and Lee, 1980] and active reflect proximity of the lowermost measurementsto the infaults [Anderson et al., 1983], apparently in response to tensely fractured and permeable zone at the bottom of the
changing mechanical properties or local geological structures. well.
Slip on a nearby fault might also be responsiblefor the
Other investigatorsusing the hydraulic fracturing techniquein
apparently homogeneous granitic rocks have documented fluctuations in stressmagnitudes or orientation observed in
the Hi Vista well [e.g., Zoback and Wesson,1983], although
fluctuations in both stressmagnitudes and orientations within
a single well that are comparable to those seen at Hi Vista the short vertical distances over which these stress fluctuations
[Doe et al., 1981; Rummel et al., 1983; Haimson and Doe, occur (Figure 4) require that such'a fault must be within sev1983], although the reasonsfor thesefluctuations are not well eral hundredmetersof the borehole.A number of fault scarps
understood.Changesin Su azimuth of 74ø over a depth inter- have been mapped in the pediment surroundingthe Hi Vista
val of 365 m have also recently been documented using borewell (Figure 6). Although insufficient information exists to

15,188

HICKMAN ET AL.' STRESS
MEASUREMENTS
AT HI VISTA, CALIFORNIA

TABLE

1.

Hi Vista Hydraulic Fracturing Results
In Situ Stresses

Hydrofracturing Data
Fracture

In Situ

Breakdown Opening
Tensile
Depth, Pressure, Pressure, Strength,*
m

MPa

MPa

178

25.5_+0.2

8.6_+0.6

MPa

16.9_+0.8

Minimum
Horizontal

Instantaneous

Shut-In
Pressure,
MPa

Pore
Principal
Pressure,? Stress,
MPa

7.4_+0.2

Maximum
Horizontal

Principal
Stress,

MPa

0.6

MPa

7.4_+0.2

13.0_+ 1.2

Vertical
Stress,$
MPa

Azimuth
of
Maximum
Horizontal
Stress

Maximum
Horizontal

Shear Stress,õ
MPa

(Quality)

4.7

N7øE_+ 15ø

2.8_+0.7

(good)
225

26.5_+0.2

11.6_+0.8

14.9+1.0

7.1-+0.2

1.1

7.1_+0.2

8.6_+1.4

5.9

ô

271

25.4_+0.2

7.8-+0.8

17.6_+1.0

5.8_+0.3

1.5

5.8_+0.3

8.1_+1.7

7.1

N39øW_+ 15ø

323

24.6_+0.4

12.0_+0.8

12.6_+ 1.2

9.3_+0.4

2.0

9.3_+0.4

13.9_+2.0

8.5

N40øW_+20 ø

0.8_+0.8
1.2_+1.0

(good)
2.3_+ 1.2

(poor)
491

21.5_+0.2

9.8_+1.0

11.7_+1.2

12.2_+0.2

3.7

12.2_+0.2

23.1_+1.6

12.9

N23øE_+20 ø

5.5_+0.9

(fair)
537
544

22.5_+0.2
22.6_+0.4

14.2_+1.2
10.4_+0.8

8.3_+1.4
12.2_+ 1.2

11.7_+0.2
10.4_+0.2

4.1
4.2

11.7_+0.2
10.4_+0.2

16.8_+1.8
16.6_+ 1.4

14.1
14.3

. . .
. . .

2.6_+1.0
3.1_+0.8

*Equal to the differencebetween the breakdown and fracture openingpressures.
?Calculatedassuminghydrostatic equilibrium with the water table at 117 m depth.

$Calculatedfor a densityof 2.68 g/cm3.
õEqual to one-half the differencebetween the maximum and minimum horizontal principal stresses.
ôHigh-quality impressionobtained but displays two vertical fracture segmentsdiffering in azimuth by only 110ø.

assign a reliable date to the northeast striking fault scarp
closestto the Hi Vista well (Figure 6), offset of later Pleistocene to Holocene alluvial deposits by the north-northeast
striking fault approximately 2.3 km southeastof the Hi Vista

1984] in that both horizontal principal stressesexceed the
lithostat and the greatest principal stress is near the critical
value for reversefaulting to a few hundred meters depth.

site indicates

and

that

it has been

active

sometime

in the last

14,000-4000 years [Ponti and Burke, 1980; D. Ponti, personal
communication, 1988].
Random measurement errors may also contribute to the
observedstressfluctuations. Heterogeneitiesin tensile strength
(e.g., healed fractures or mineral veins) or tensile strength anisotropy are suggested,for example, by the complex fracture
trace observedin the test at 491 m (Figure 5d) and should lead
to errors in both stressmagnitude and orientation [e.g., AbouSayed et al., 1978; Cornet and Valette, 1984]. Although it is
difficult to estimate the potential size of these errors, the high
and relatively uniform in situ tensilestrengthsexhibited by the
tests at Hi Vista (Table 1; see also Figure 3) suggest that
variations in rock strength are insufficient to account for the
observed fluctuations. The decreasein stressmagnitudes and
the change in Su azimuth observedbetween 178 and 271 m,
for example, are documented by tests exhibiting nearly
ideal hydrofrac geometriesat the borehole wall (Figures 5a
and 5c).

Comparison With Other Hydraulic Fracturing Tests
in the Mojare Desert

The thrust faulting stressregime indicated at shallow depths
in the Hi Vista

well was also observed

in all of the shallow-

profile Mojave wells (to depths of 230 m) and in the upper 300
m of the XTLR well [Zoback et al., 1980]. Furthermore, in
situ stress measurements in the Black Butte well (Figure 6)
indicate thrust faulting conditions to depths of at least 650 m
[Stock and Healy, this issue]. These results are fairly typical of
stressmeasurementsmade in crystalline rock [e.g., Brace and
Kohlstedt, 1980; McGarr and Gay, 1978; Zoback and Healy,

At depthsof 178, 323, and 491 m the magnitudesof Su, S•,,
shear

stress in the

Hi

Vista

well

are similar

to those

measuredat comparable depthsin the XTLR well, while at all
other depths the stress magnitudes in the Hi Vista well are
lower than those in the XTLR well (Figure 7). Because of the
low-stress zones in the Hi Vista well the vertical gradient in
shear stress at Hi Vista, for example, is lower than that at
XTLR (5.7 and 10.6 MPa/km, respectively)and also lower
than is typical for rocks such as granite and quartzite in compressionalstressregimes(8.7 MPa/km) [McGarr, 1980]. When
compared with the XTLR results, the stress measurements
made in the Hi Vista well conflict with the hydraulic fracturing resultsfrom the shallow profile wells and imply that the
magnitudes of the horizontal principal stressesand the shear
stress,as well as the vertical gradientsin these stresses,remain
constant

or even decrease with distance from the San Andreas

Fault [-seeMcGarr et al., 1982]. Although causesfor the discrepancy in stress magnitudes between the nearby shallow
wells Moj 4 and 5 and the Hi Vista well (Figure 7) are unknown, active faults (as discussedabove' see Figure 6) or differencesin bulk elastic properties between wells might lead to
lateral variations in the regional stressfield. There is not, however, a simple correlation between overall stress level and
either lithology or mean natural fracture density in thesewells.
The Moj 4, Moj 5, XTLR, and Hi Vista wells penetrate granitic rock of similar mineralogy [e.g., Ross, 1972] and the
average density of natural fractures in these wells differs by
less than 10% over comparable depth intervals [-seeSeeburger
and Zoback, 1982].
The SH azimuths from Hi Vista can be comparedwith other
hydraulic fracturing resultsin the Mojave Desert (Figure 6). In
making this comparison, we have omitted poor-quality azimuths from Zoback et al. [1980] and from the Hi Vista data,
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Fig. 5. Tracesof the hydraulicfracturesat (a) 178m, (b) 225 m, (c) 271 m, and (d) 491 m depthin the Hi Vistawell,
obtainedusingimpression
packers.Hydraulicfracturesare shownas solid lines(linesdashedwhereinterpretation
uncertain);the shadedregionsindicateportionsof eachimpressionthat wereabradedaway.Straightverticallinesdenote

theSn azimuthdetermined
fromeachtest(seediscussion
of individual
testsin theappendix).
Thelengthandpositionof
the originalhydraulicfractureinterval(i.e.,the distancebetweenthe bottomof the upperpackersealand the top of the
lowerpackerseal)areshownfor eachtest;the seallengthof the straddlepackersusedis 1.3m. Impressions
weretakenof
the hydraulicfractureat 491 m in both 1981and 1987,and this tracingis orientedusingthe averageof compasssurveys
takenin both years(seethe appendix);the impression
taken of this fracturein 1981wasusedto fill in detail acrossthe
east-southeastabrasionon the 1987 impression.No vertical exaggeration.

as these may not always representhydrofracs.For the XTLR
and Moj 2 wells, which are located within 20 m of each other,
the azimuths shown are from tests at 230 m (N14øW, excellent), 338 m (N43øW, fair), and 787 m (N24øW, excellent).The
azimuths given for Moj 1 are from testsat 80 m (N20øW, fair)
and 218 m (N4øW, fair). One orientation was obtained from
the Black Butte well at a depth of 309 m (N41øE, good [Stock
and Healy, this issue]).Also shown are Sn directionsfrom an
analysisof borehole elongation(breakouts)in the Cajon Pass
borehole.Although thesedata cover a range of 74ø in azimuth,
they indicatea mean Sn directionof N73øE at depthsof 17502115 m [Shamir et al., 1988].
Despite the large scatter in hydraulic fracture azimuths at
Hi Vista, the direction of Sn at this site agreesroughly with

that determined at the XTLR and Moj 1 sites and indicates
right-lateral shearstresson planesparallel to the San Andreas
fault (Figure 6). The north-northeastto northwest range of Sn
azimuths at Hi Vista does not, however, agree favorably with
the N41øE direction of maximum horizontal compressionobserved in the Black Butte well, which is between the Hi Vista

and XTLR sites (Figure 6). Furthermore, the approximately
N73øE direction of maximum horizontal compression at
Cajon Passis about 90ø clockwiseof that observedat XTLR,
Moj 1, and Hi Vista and would indicate left-lateral shear
stresson planes parallel to the San Andreas fault (Figure 6).
Unfortunately, the large scatter in Sn azimuths at Hi Vista
and Cajon Pass,togetherwith the disparity betweenthe mean

Sn directionsat the Hi Vista, XTLR, and Moj 1 sitesand
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Healy[thisissue].
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bar)andscatter
(shading)
ofSHazimuths
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wellfromborehole
breakouts
at depths
of 1750-2115
m [Shamir
etal.,1988].

thoseat BlackButteandCajonPass,prohibitsa goodunderAverage P axes derived from first-motion studies of the
standingof the stresstrajectories
in the westernMojave main shock and aftershocks of the 1971 San Fernando earthDesert

at this time.

ComparisonWith Other RegionalStressField Indicators

quake sequence,approximately 35 km west-southwestof
Palmdale(Figure 1) [Whitcombet al., 1973],and of 22 small
{2.2 < M L < 4.6) earthquakes in the central Transverse

Ranges(includingthe San Gabriel Mountainsin Figure 6)
A comparison
canbe madebetween
the rangeof Sn azi- [Pechmann,
1988],indicatean approximately
north-south
Su
muthsdeterminedfrom hydraulicfracturingtestsat Hi Vista direction[seeZobackandZoback,1980].Althoughthe deterand the Sn azimuthsinferredfrom other stressfield indicators minedP axescovera widerangeof azimuths,
an approxiin this region.Compression
(P) and tension(T) axesderived matelynorth-southSu directionis also indicatedby focal

fromearthquakefocalmechanisms
are oftenequatedwith the
maximumandminimumprincipalstress
axes,respectively.
Althoughthisneglects,
amongotherthings,thepotentialfor slip
on preexistingfault planesand can resultin large errorsin
stressdirection[e.g.,McKenzie,1969-1,
averageP and T axes
derived from a number of earthquakeson different faults
withina givenareaappearto be validindicators
of theprincipalstressdirections
[seeZobackandZoback,1980].

mechanisms
for 26 small(2.0< M L < 3.9)earthquakes
on and
nearthe SanAndreasfault in a regionextendingabout50 km
to eithersideof Palmdale[Sauberet al., 1983;McNallyet al.,

1978].Thusthe north-northeast
to northwest
rangeof Su
azimuthsdeterminedfrom hydraulicfracturingtestsat Hi
Vista, and the north-northwest
Su azimuthsdeterminedat
XTLR and Moj 1, agreefairly well with the directionof maxi-

mumhorizontalcompression
inferredfromearthquakes
adja-
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not indicate the tectonic stress field. Nevertheless, their results
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at six sites 10-20 km away from Hi Vista (to the east, south,
and southwest) yield an approximately northeast mean azimuth for SH (with a scatter of +46 ø) and are closer to the
N41 E Sn azimuth at Black Butte [see Stock and Healy, this
issue] than they are to the Sn orientations from Hi Vista,
XTLR, or Moj 1.
Finally, it is interesting to compare the maximum horizontal stressdirections determined from hydraulic fracturing tests
in the Mojave Desert with resultsfrom two geodetic networks
in the Palmdale area [Kin•t and Savable,1984] (seealso Savage
[1983]). Trilateration surveysconducted from 1973 to 1983 in
the Palmdale network, an approximately 10 km by 20 km
network spanning the San Andreas fault near Palmdale
(Figure 1), and in the southeast Tehachapi subregion of the
Tehachapi network, which spans the intersection of the Garlock and San Andreas faults and encompassesthe Palmdale
network, indicate maximum shortening directions of
N19øW +_2• and N17øW +_2ø, respectively.These directions

XTLR

are consistent
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this region by Sbar et al. [1979] and Tullis [1981] using the
"doorstopper" and U.S. Bureau of Mines techniques, respectively. Sbar et al. [1984-1,however, suggestthat these measurements, which were all made within 3 m of the surface, are
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Fig. 7. A comparison of the horizontal principal stressesand the
shear stressfrom the XTLR [Zoback et al., 1980] and Hi Vista deep
holes, which are at distancesof 4 and 32 km, respectively,from the
San Andreas fault. The total depth (TD) of each well is indicated. The
measurements at depths of 149, 167, and 230 m were made in well
Moj 2, which is 20 m from XTLR. Regressionlines fit to data from
the nearby shallow stress measurement wells Moj 4 and Moj 5

[Zoback et al., 1980] are shown for comparisonwith the deep hole
results.

cent to and immediately to the southwest of the San Andreas
fault in this area. Although our stressmeasurementsdo not
extend to seismogenic depths, the predominance of thrust
faulting mechanisms,with some strike-slip events,for the central Transverse Range and Palmdale earthquakes [Pechmann,
1988' Sauber et al., 1983] is compatible with the transitional
thrust faulting to strike-slip faulting regime indicated by the
stressmeasurementsat Hi Vista (Figure 4). Focal mechanisms

of nine earthquakes (2.5 < M L < 5.2) in the central Mojave
Desert about 100-200 km east of Palmdale, however, are predominantly strike-slip, with some normal faulting events, and
indicate a north-northeast maximum horizontal compression
direction [Sauber et al., 1986].
Our measurements at Hi Vista can be compared with
nearby shallow stressmeasurementsmade using other methods. Using the U.S. Bureau of Mines strain relaxation technique, Sbar et al. [1984] made stress measurements in two
approximately 30-m-deep boreholes in this region. Although
data were taken throughout each well, only measurements
below 6 m were used in their analysis to minimize the effects

with the north-northwest

direction

of maximum

horizontal compressivestressindicated at XTLR and Moj 1
and fall within the range of Su azimuths determined at Hi
Vista but are about 60ø counterclockwiseof the Sn azimuth
obtained at Black Butte [Stock and Healy, this issue]. Note
that equating the maximum shortening direction determined
from a geodeticnetwork with the direction of Sn requiresan
elastically isotropic crust, a uniform strain accumulation
within the network, and a direction of maximum shortening
that does not rotate with time (i.e., so that the principal axes
of incremental strain and total strain are parallel) [see Sauber
et al.. 1986; Zoback and Zoback, 1980].
CONCLUSIONS

Hydraulic fracturing stressmeasurementswere conducted in
a 0.6-km-deepwell at Hi Vista, California, 32 km from the San
Andreas fault in the westernMojave Desert. The relative magnitudes of the horizontal principal stressesand the calculated
overburden stressindicate a stress regime that is transitional
between thrust faulting and strike-slip faulting at this site.
Although the azimuths of these hydraulic fractures span a 63ø
range, they indicate a northwest to north-northeast direction
for the maximum horizontal compressivestressat Hi Vista.
Comparison of theseresults with stressmeasurementsmade
in a 0.9-km-deep well at a distance of 4 km from the San
Andreas fault in this region indicates that at similar depths in
both wells the magnitudes of the minimum and maximum
horizontal principal stresses and the horizontal deviatoric
stress either

remain

the San Andreas

constant

or decrease

fault. This is in marked

with

contrast

distance

from

to the results

with the range of valuesobservedat Hi Vista (Figure 6). Shal-

from a nearby profile of shallower stress measurements, in
which these stresscomponentsincreasewith distance from the
San Andreas fault. Two zones exhibiting unusually low levels
of deviatoric stressin the Hi Vista well, however, may indicate
a perturbation to the regional stress field at this site. This
perturbation may result from factors such as inelasticmaterial
behavior or heterogeneities in elastic compliance near the

low strain relaxation

borehole.

of near-surfacethermal stresses.
The resultant directionsof Sn
were N13øW +__
2ø (12 km southwestof Hi Vista, near Moj 4)
and N22øW q- 9ø (1.4 km northwest of Moj 1), in good agreement with the SH azimuths determinedfrom hydraulic frac-

turingtestsat XTLR and Moj 1 and in reasonable
accord
stress measurements

were also made in
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Comparing stressdata from all wells in the western Mojave
Desert, we concur with McGarr et al. [1982] that the existing
in situ stressdata in this region show considerablelocal variability and do not demonstrate a systematicvariation in stress
magnitudes with distance from the San Andreas fault. Complexity in the stressfield in the western Mojave Desert is also
indicated by variations in the direction of the maximum horizontal principal stress among wells. Therefore inversion of
stressmeasurementsmade along a profile of relatively shallow
holes (depth _< 1 km) for the magnitude of shear stress at
depth on the San Andreas fault is not feasibleuntil the origins
of the observed variations

are understood.
APPENDIX

General

Comments

on Hi

Vista

Hydraulic Fracturing Data
Fracture opening pressures. In the tests at 271, 491, and
537 m a pronounced curvature developedin the pressure-time
curves during initial pressurization on later cycles and obscured the corresponding fracture opening pressures(Figure
3). This curvature may result either from packer bypass(see
below) or propping open of the hydraulic fractures by asperities or rock debris and the infiltration of fluid into the

fracturesat pressureslessthan Pro.Fracture infiltration prior
to reopening, and the resulting reduction in the tangential
stress concentration at the borehole wall [Cornet, 1983'
Cornet and Valette, 1984], might also explain the suppression
of the peak pumping pressureimmediatelyafter fracture opening that was observedin the testsat 271 and 491 m (Figure 3).
Impression packer results and packer bypass. Two hydraulic fracture impressionswere taken in the Hi Vista well in
1981, using impressionpackers(manufacturedby Lynes, Inc.)
which were 14.3 cm in diameter and 1.3 m long' four additional impressions were taken in 1987 using impression
packers (manufactured by TAM International) which were 2.7
m long and either 12.9 or 14.6 cm in diameter. Impression
packer orientations were determined using a downhole compass both before and after impressionswere taken. Impression
and straddle packer depths were determined using a mechanical depth counter on the logging cable winch and are given
relative to ground level. From comparison of features on borehole televiewerlogs run in both years and the repeatability of
wireline depth checksduring a test, we estimate the relocation
accuracy for the impressionsat Hi Vista (i.e., the accuracy
with which a depth occupied in 1981 could be reoccupied in
1987) to be about +0.2 m. Impressions of the 491-m test,
obtained in both years,yielded nearly identical fracture traces
in the range of overlap (see Figure 5d) and agree to within 6ø
in azimuth and 8 cm in depth.
Impression packers were inflated for about an hour; with
the exception of the 178 m test the corresponding external
packer pressures•estimated using a seal efficiency (ratio of
external packer pressureto internal fluid pressure)of 0.88 and
0.85 for the 1981 and 1987 tests, respectively[Evans, 1987],

were maintainedto be greaterthan Probut lessthan or equal
to P0. At 178 m a leak in the drill pipe resulted in large
fluctuations in fluid pressureand the external packer pressure
ranged from about 0.26Pb to 1.19Pb.Hydraulic fractureswere
identified through the presenceof narrow ridges of extruded
rubber, which were about 0.2-1.0 mm wide and extended up
to 1-2 mm away from the surfaceof the impressionpacker.
Propagation of the hydraulic fracture beneath one of the
straddle packers and out into the open hole during a test

(packer bypass) is suggestedby the impressionsobtained at
225 and 491 m (Figures 5b and 5d), although coverageof the
straddle packer sealsby the impressionrubber is insufficient
to demonstrate unequivocally that bypass has occurred. If
bypassdid occur,however,the slow pressuredecaysfollowing
shut-in and the similarity of these shut-in decay curves between cycles(Figure A1) suggestthat the resultingleak rates
are small. In this regard, Evans et al. [1988b] describe a

number
of hydraulic
fracturing
testsin shaleforwhich'packer
bypass was indicated and note that this did not appear to
have a significanteffectupon the determinedISIPs.
Discussionof Individual Tests

The surface pressure and flow records are presented in
Figure A1; expandedversionsof theserecords(Figure 3) were
used to determine the fracture reopening pressuresfor each
test as a function of cycle. In addition, records from a downhole Amerada-type mechanical pressure recorder (manufactured by Kuster, Inc.) located in the test interval were usedto
determine downhole pumping pressuresand ISIPs, but these
recordsare not amenable to reproduction. Notable featuresof
these tests are as follows (estimated overall test quality; F,
fair; G, good; or E, excellent).
Test at 178 m (E,). This test exhibited a stable ISIP
(Figure 2), modest decreasesin P•o (Figure 3), and a clearly
defined vertical fracture trace at the borehole wall (Figure 5a).
Both the ISIP and the long term shut-in pressurewere >>Sv
(Figures 2 and A1) indicating that if this hydraulic fracture
rotated into the horizontal plane, it did so at sufficientdistance from the borehole that the vertical (high stress)segment
of the fracture dominated

the shut-in behavior.

The downhole

pumping pressureat the end of the test (at 34 L/min) was 0.16
MPa above the final ISIP. Only the southern hydrofrac trace
on the impressionpacker from this test was usedto determine
the azimuth of SH as most of the northern trace appearsto
have been abraded away (Figure 5a).
Test at 225 m (F). The ISIP was stable at the end of the

testand Prowasstableduringcycles2-4 but decreased
rapidly
after the fourth cycle(Figure 3). The causeof this decreaseis
unknown, but it may be due to packer bypass (as discussed
above); fluid infiltration into the hydrofrac at pressures<P•o
is not a likely explanationfor the decreasein P•obecausethe
initial pressurizationrates were similar in early and late cycles
(Figure 3). Although the long-term shut-in pressureat the end
of the test • S,,(FigureA l), suggesting
that the hydrofracmay
have rotated into the horizontal plane away from the borehole, we do not think this seriouslyaffected our estimateof Sh
because(1) horizontal hydrofracs were not observedon the
impressionpacker [cf. Et•anset al., 1988a], (2) the pressure
decaysfollowing shut-in on all cyclesare quite similar, even
beforethe suddendecreasein P•o(Figure A1), (3) the ISIP was
stableat the end of the test and 20% in excessof Sv(Figures2
and A!), and (4) there were no inflections in the variable flow

rate pumping test and the downholepumpingpressureat the
end of this test (at 13 L/min) was only 0.18 MPa above the
final ISIP. No SH azimuth was determinedfrom this test because the impressionpacker showed two equally prominent
vertical traces which were separated by only about 110ø
(Figure 5b).
Test at 271 m (E). This test exhibited a clearly defined
vertical fracture trace at the borehole wall (Figure 5c), a stable

Proin cycles2-4 (Figure 3), and a nearly stabilizedISIP in
later cyclesthat was <S,, (Figures2 and A1). The downhole
pumping pressureat the end of this test (at 18 L/min) was 0.19
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Fig. A1. Surfacepressure
andflowrecordsfromthe hydraulicfracturingtestsat Hi Vista.Positiveflow corresponds
to fluidinjection,
andnegative
flowcorresponds
to fluidwithdrawal
fromthewell.Thesepressure
records
areaffected
by a
viscouspressure
drop in a high-pressure
hosebetweenthe pressure
transducer
and the wellheadduringpumping.The
magnitude
of thispressure
droprangesfromabout1.1MPa at a flowrateof 34 L/min to about0.2 MPa at 12L/min;no
pressuredrop occursonce the well is shut in. After subtractingthis pressuredrop from the pressures
shown,the
approximate
downholepressure
may be obtainedby addingthe hydrostatic
pressure
in the drill pipe(at a gradientof
9.81 x 10-3 MPa/m). The breakdownand fracture openingpressuresfrom each test are shown,togetherwith the

magnitudes
of ShandSv(surface
pressure).
The instantaneous
shut-inpressure
(ISIP) is illustrated
for the 178-mtest.

MPa abovethe final ISIP. The Sn azimuth at this depth was

head, which was repaired prior to cycle 3. The pressurestep at

rated"good"ratherthan "excellent"
becauseof the low hori-

the very beginningof cycle1 (Figures3 and A1) indicatesair
in the systemand illustratesthe viscouspressurelossesin the
hose between the surfacepressuretransducerand the wellhead.The pronouncedcurvatureprior to breakdownon cycle
1 resultedfrom pump decelerationat high pressure(Figures3

zontal stressdifference(Sn - Sh)determinedfrom this test.
Test at 323 m (G). Both Pro (Figure 3) and the ISIP
(Figure 2) were stable.The rapid pressuredecayduring shut-in
on cycles1 and 2 (Figure A1) was due to a leak at the well-
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and A1). Although the final ISIP was only 8% greater than
the calculatedSt, at this depth (Figures 2 and A1), only highangle fractures were seen on the impression packer obtained.
Furthermore, the relative stability of the ISIP, the absence of
inflections in the variable flow rate pumping test at the end of
cycle 5 (over the range 11.4-9.5 MPa), and the small (0.13
MPa) pressure difference between the final pumping pressure
and the ISIP in cycle 5 suggeststhat the measured ISIP does
not reflect the normal stresson a hydrofrac that has rotated
into the horizontal plane near the borehole. Although several
subvertical hairline fractures were seen on the impression
packer from this test, the Sn azimuth quoted for this depth is
of relatively low quality (Table 1) because these presumed
hydrofrac traces were intermingled with other high-angle features of unknown origin.
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Test at 491 m (G). Prowas stablein cycles2-4 (Figure 3),
Academy Press,Washington, D.C., 1983.
and the ISIP was stable at the beginning and end of the test Cornet, F. H., and B. Valette, In situ stress determination from hydraulic injection test data, d. Geophys.Res.,89, 11,527-11,537, 1984.
and <S•. (Figures 2 and A1). Incomplete flowbacksprior to
cycles 6 and 8 were an attempt to see the effect of high re- Doe, T., K. Ingevald, L. Strindell, B. Haimson, and H. Carlsson,
Hydraulic fracturing and overcoring stressmeasurementsin a deep
sidual fluid pressureson Pro (the results were indeterminate
borehole at the Stripa test mine, Sweden, in Proc. U.S. Rock Mech.
owing to high curvatures on these cycles).The final downhole
S?np., 22nd, 373-378, 1981.
pumping pressure(at 22 L/min) equals the ISIP on the last Evans, K., A laboratory study of two straddle-packer systemsunder
simulated hydrofrac stress-measurement conditions, d. Energy
cycle.The hydrofrac trace on the impressionpacker from this
Resour. Technol., 109, 180-190, 1987.
depth was quite complex (Figure 5d) and the corresponding
Evans, K. F., C. H. Scholz, and T. Engelder, An analysis of horizontal
Su azimuth was estimated as the average of (1) the N10øE
fracture initiation during hydrofrac stressmeasurementsin granite
strike of the steeply dipping (80ø) nearly continuous fracture
at North Conway, New Hampshire, Geophys.d. R. Astron. Soc.,93,

comprising the lowermost feature on the impression, and (2)
two diametrically opposed vertical lines roughly bisectingall
hydrofrac traces(N36øE).

Test at 537 m (F).

Pro decreasedslowly from cycles2-5

(Figure 3) and the ISIP was quite stable at the end of the test
and <<S•,(Figures 2 and A1). The tensile strengthimplied by
this test (8.3 +_ 1.4 MPa) was somewhat lower than that for
other tests in this well (about 12-18 MPa; Table 1) and both
the ISIP and the long-term shut-in pressuresshowed an unusually large decreasein the first few cycles (Figures 2 and
A1). The final downhole pumping pressure(at 18 L/min) was
0.13 MPa above the ISIP on the last cycle.

Test at 544 m (E). Prodecreasedslowly during this test
(Figure 3) and the ISIP was stable and <<St, (Figures 2 and
A1). The relationship between flow rate and downhole pumping pressure(coveringthe range 10.4-11.2 MPa) determinedin
cycles5 and 6 was linear' the final downhole pumping pressure (at 25 L/min)equals the ISIP on the last cycle.
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