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ABSTRACT

Initial measurements to evaluate the feas-
ibility of extracting energy from hot-dry
rock in Precambrian basement (granite) em-
ploying hydraulic-fracturing techniques !
was explored in the LASL Granite Test Hole
No. 1. Following a series of hydrology
experiments in the 785-m (2575 ft) depth
hole, preparations were made to instrument
@ series of hole-pressurization and hydrau-
lic-fracturing experiments. The instrumen-
tation was designed to measure breakdown :
pressure, crack-extension pressure, and '
shut-in pressure for each fracture and to |
determine principle tectonic stresses, ‘
|
i

breakdown stress for hydraulic fracturing,
and leak-off rate for fracturing fluid.

INTRODUCTION

The Los Alamos Scientific Laboratory has
initiated a program for the research and
development of geothermal energy. The
Jemez Mountains in north-central New Mexico
have been selected for initial experiments
in the development of a man-made geothermal-:
energy system. The -region of the -Vallec ,
- Caldera in the heart of the Jemez Mountains
‘was the scene of volcanic activity as re-
cently as 40,000 to 50,000 years ago.

Preliminary investigations indicated that
very hot rock exists at moderate depth
throughout the area. To verify temperature |
extrapolations and to investigate directly
the structure and propérties of the Precam-~
brian basement rock, Granite Test Hole No. 1:
{GT-1) was drilled on the west side of the
Caldera to a depth of 785 m (2575 ft).(2)
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After drilling, hydrological tests were
made on the hole. These tests confirmed
the very-low mean permeability of the gran-
ite basement, and its ability to contain
water at pressures up to 900 psi above
hydrostatic. A straddle~type packer was
used to isolate portions of the hole and

to introduce hydraulic pressure to the
borehole walls between the upper and lower
parts of the packer.
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REQUIRED INSTRUMENTATION

Following hydrology experiments in Granite
Test Hole No. 1, preparations were made to
instrument a series of hole-pressurization
and bydraulic-fracturing experiments. The
instrumentation was designed to measure
breakdown pressure of the rock, crack-ex-
tension pressure and shut~in pressures for
each fracture and to determine principal
tectonic stresses, breakdown stress for hy- .
draulic fracturing and leak-off rate of the
fracturing fluid. 7Two pressure measurements
were to be recordsd--the primary measurement
being made downhole in the pressurized zone,
As a backup, a second pressure transducer
recorded fluid pressure in the borehole at
the ground surfacze., The downhole pressure
transducer was imstalled in the pipe string
below a shut-off valve. This valve was de-
signed to actuats at breakdown pressures
thus preventing azcessive post-breakdown
crack growth. Surface pressure would then
be bled off untii shut-off valve equal-
ized (at initial formation shut-in pressure)
allowing crack evxtension to be controlled.
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A three-component geophone was located on
the downhole sides of the bottom straddle
packer immediat: below the pressuriz=d
region., The gecghone package was designed
to be mounted sscnrely to the bottom packer
thus insuring : nical ecoupling into the
openhole rock formztion. The geophone would
hopefully monit acoustic signals generated
by the cracking 2nts- and help determine
the feasibility =% mapping.crack extensions
employing tria: ation technigques. The
downhole geoph winuld also provide a time
correlation for seismic array deployed at
the surface. 7T surface array would moni-
tor seismic ba und of the experimental
area before ana ring the fracturing experi-
ments. It was hoceful that the close-in
surface array + detect an acoustic sig-
nal generated by the elastic strain-energy
when the rock fractured.
The detection of 2 acoustic signals from
both the downhole package and the surface
array would possiZly permit mapping of the
hydraulic fracturs as it grew.
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LIMITATIONS

Several initial limitations concerning down-
hole instrumentation were anticipated and
every effort was made to minimize foresee-
able problems. The temperature in the zone
of interest reached 100°C. This tempera-
ture caused no serious threat to the trans-
ducers (the pressure gauge was rated at
148.9°C (300°F) and the geophones rated at
148.9°C (300°F)) but could affect operation
of any dowrnhole electronics. employed to
boost low level signals or drive long sig-
nal lines to the surface recording equip-
ment, In view of more severe temperature
limitations that would be encountered in
future test holes, it was decided to em~
ploy electronics at the surface recording
station. The electronic apparatus selected
had been proven to adequately measure low-
level signals over long-signal lines with
excellent common-mode (noise) rejection and
gain/linearity characteristics.

A second problem anticipated in the down-
hole measurements concerned the static head
pressure of the hydraulic fluid that com-
pletely filled the hole. This resulted in
the design of transducer housings, and all
electrical connections, to withstand the
head pressure to prevent.water from intrud-
ing into the instrumentation cables. The
pressure gauge was mounted on an offset

sub assembly (Fig. 1) located just above
the top straddle packer and below the shut-
off valve seating nipple, Because its
location imposed stringent size require-
ments, the transducer housing connector
assembly had to be especially machined
[Fig. 2).

INSTRUMENTATION DATA
The instrumentation cable used for downhole

measurements was a high grade, low imped-
ance, 16.2 ohms/305 m (16.2 ohms/1000 ft)

.cable containing three individually-shield-
‘ed twisted pair of 22-gauge copper stranded

wire. The z-fold, mylar tape shield wrap-

-ped around each pair included a drain wire,

A tough Marlastic 101 jacket housed the
pairs and the downhole end was terminated
with a molded and sealed marine connector.
The overall outside diameter of this- cable
was 8 mm (5/16 in.). The cable did not
employ steel armour normally used in logging
cable. Assuming the uncased hole to be -
perfectly straight, clearance after.cable’
installation was only 3 mm (1/8 in.}.

The cable was connected to the downhole -
instrument package at the surface and was
reeled off as the hydraulic tubing was low=-
ered into the hole. . The cable was strapped
to the tubing with steel hose clamps at
selected intervals. The first 29.3 m (96

ft) of downhole cable was inserted into

flexible aluminum conduit for added pro-
tection against a casing shoe, which was

"nificant in det

known from previous logging runs to be pro-
truding into the open portion of the hole.
Continuity checks were carefully made at a
number of intervals during insertion to
assure that the transducer and cable re-
mained operation, since it was realized
that a failure of the downhole instrumenta-
tion during insertion would cost an addi-
tional round trip of the tubing.

The downhole geophone package was threaded
into a specially designed sub assembly in-
serted into the bottom packer to insure
positive coupling with the surrounding rock
formation. It was necessary to run the geo-
phone cable up through the packer assembly
and out of the tubing via a sealed feed-
through (Fig. 3). It was also necessary,
although undesirable, to splice the cable
at the uphole side of this feed-through.
Field splice kits employing a sealing epoxy
and moulded boots proved successful.

A second triaxial geophone, identical to

the downhole package, was mounted as a back-
up system at the surface some 30 m (85 ft)
south of the granite test hole by imbedding
the instrument in the frozen ground.

Data acquisition and recording equipment
was installed in a 6-m (20~ft)by 2.4-m (8-
ft) trailer located several meters from the
wellhead. The data acgquisition electronics
included B & F Model 2460 signal condition-
ers, Astrodata Model 886 wide~band differ-
ential amplifiers, an Ampex CP100 magnetic-
tape recorder and an eight-channel Techni-
rite 888 direct-write strip chart recorder,
Auxillary equipment included two John Fluke
Model 8300A digital voltmeters, a Tektronix
556 dual beam oscilliscope and a Systron
Donner 8110 time-code generator (Fig. 4).
The on~line strip-chart recorder was used
primarily for initial small fracture exper-
iments. Data were recorded on magnetic tape
during the large "Halliburton" fractures.

CHRONOLOGICAL ORDER OF EXPERIMENTS

The series of chronological events summar-
ized in this report will cover only those
experiments in which either downhole and/or
surface electronic measurements were sig-
iining the success (or
rdraulic fracture attempts.
e downhole pressure trans-
mbly carrier was pressure
face to 206.7 bars (3000

s (500 psi) increments.

failure) of ths
On February 23,
ducer and sub-2
checked-at the

PSi) in 34.45 bar

$)

- The following day the transducer -assembly
* was mounted on the straddle-packer assembly
-and lowered intc the hole in preparation

for the first fracture-experiment. The
pressure transducer was checked about one-
third of the way into the hole and found to
be equilibrating to hydrostatic pressure.
It was surmised ihat the additional machin-
ing of the gaugs-housing connector allowed
venting of the low pressure side of the




transducer to the annulus hydrostatic pres-
sure. The transducer was still usable to
measure pressure above hydrostatic, 74.1
bars (1075 osi), which was suitable for
pressurization measurements. Due to a rup-
tured seal on the straddle packer assembly,
the experiment was aborted and the tubing
pulled out of the hole. Careful examina-
tion of the instrumentation cable revealed
several places where the steel cable clamps
had caught on the casing wall during ex-
traction and cut the jacket exposing bare
conductors. The instrumentation cable was
repaired and insulated wire clamps replaced
the steel cable clamps to prevent further
damage. ' .

On Wednesday March 7, the first hydraulic

fracture was made., During this experiment,

-the shut-off valve closed as intended but

did not reopen after thée pressure equalized.
Attempts to extend crack growth were term-
inated. A second experiment attempt re-
sulted again in the shut-off valve failing
to open. Upon examination of the valve
assembly, it was found that pollution of
the hydraulic fluid, primarily with pipe
dope, gummed up the valve causing the fail-
ure, However, pressure records from the
fracture experiments revealed that no dan-
ger from back pressure was evident and the
shut—-off valve could be retired. This also
meant that the downhole pressure measure-
ment was not quite so necessary and, in
view of continuing cable ruptures due to-

" abrasions when tripping the tubing, it was

decided to instrument the fluid pressure
only at the surface.

Following four successful small fracture
experiments, the scheduled downhole geo-
phone tests were begun.
age was threaded into the bottom packer as-

- sembly and the signal cable pulled through

the sealed feed~through. The assembly was
pressure checked at the surface to 103.4
bars (1500 psi). Once again, the time-
consuming task of strapping the signal cable
to the tubing was undertaken and continuity
checks were made several times while in-
serting the tubing string. The fracture
zone was pumped up to a maximum of 70.1

. bars (1018 psi) when the pressure began to

fall off. The experiment was aborted and
examination of the system revealed that the
instrumentation cable had extruded through
the feed-through, stripping the cable jack-
et and causing the leak. Due to the im-
posed time schedule to finish this series
of experiments, downhole instrumentation
was reluctantly abandoned.

Primary instrumentation for the remaining
experiments consisted of the surface pres-
sure gauge and the surface triaxial geo-

The geophone pack-

phone that had been imbedded in the frozen

ground. Two additional small fracture ex-
pgriments were performed with no malfunc-
tions and excellent results.

The straddle packer assembly was located in
a zone where no pre-existing cemented rock
fractures had been detected by core ex-
aminations. The chosen interval was center-
ed at a depth of 745.2 m (2445 ft). The
zone was pressurized to 60.6 bars (880 psi)
and shut in to check for leaks. ' Pumping
was resumed and the pressure level peaked .
out at 106.45 bars (1545 psi). Figure 5 -
shows an oscillograph record reproduced

from the magnetic tape recording. The
record shows the surface pressure channel
along with one horizontal geophone channel,
H2, and the vertical geophone channel, V1,

The pressure channel clearly shows the gauge
shut-in areas during which time a Heise
reading was made. No significant acoustic
signals were detected. Figure 6 is a high-
speed record of the same data showing the
individual pump strokes on the pressure
channel. traight lines 'drawn through the
slopes intersect at a pressure of 104.4

bars (1515 psi} which is in good agreement
with the Heise readout. Figures 7 and 8

are oscillograph records of the repump ex-
periment performed in the same zone to ob-
tain a fracture extension pressure. This
pressure was measured at 86.1 bars (1250
psi). Again no acoustic signals were de-
tected. The reccrds of the experiments
performed on March 28 were chosen to ex-
emplify the smail fracture events. A
summary of breakdown and fracture extension
pressures for the small fracture experiments
is given in Table I.

TABIZ I
INCREMENTAL FRACTUSE BREAKDGIN AND EXTENSION PRESSURES

Deptt Breakdawn Extension
Date ‘meters ! bars ps1 bars Dbsi
3-7T 761.% 90.5 (1320) - = -
3-14 T72.7 >151.6 (>2200) 72.3 ~1050
3-21 T51.3 95.1 - (1380) 81.0 1n7s
3-23 T16.3 90.9 (;320) - -
3-24 TH0.4 80.6 (1170) 85.9 1015
3-27 ‘748.3 17.3 (1702) 55.6 1320
3-28 T45.2 W%,0  (1510)  Bh.g 232

The straddled -
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cemented fract
for the Marck !
were fractura-<
the hydraulic
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-2 for the frachturas experi-
contained at least four

. The straddlsd zones

nd March 28 experiments
granite interwvals before

s were performed.
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‘alliburton equipment was
attempt a large fracture
izle 1. Some difficulty

i setting the packer as-
hole rock formation. A
was made and a pressure of
£31) was reached before
aborting the %: Later examination of
the tape recori:nz revealed a sizable acous-
tic signal (Fi«z. 3) which confirmed indi-
cations that a acture did occur. Figure
10 is an expande:d record of the seismic
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signal shawing compressional and shear com-
ponents as recorded by the geophones.

on. the following day, April 5, a new packer
assembly was installed in the open hole and
a second attempt to create a large fracture
was successful. The oscillograph record

of this experiment shows a large acoustic
signal resulting from the crack extension
(Fig. 11). Compressional and shear wave
components are again defined in the high-
speed expansion of the data as shown in
Fig. 12. The seismic event occurred ap-
proximately 6.2 sec after pump shut-in at
which time a refracted pressure wave was
detected on the surface pressure gauge. A
plot of the pressure wave showing the re-
fracted wave is given in Fig. 13. Both a
compressional and shear wave were detected
at the geophone as evidenced by the two
separate and distinct frequency components.
The first component (P) has a frequency of
16.8 Hz followed about 280 msec later by a
second component (S) with a frequency of
12.8 Hz. Little if any information can be
obtained from the amplitude of the acoustic
signals since the natural frequency of the
geophone (21 Hz) 1s somewhat above the
measured frequency components. Detailed
analysis of the seismic events recorded
during this series of experiments is pre-
sented in the report "Seismic and Fluid
Pressure Response from a Series of Hydrau-
lic Fractures in Granite."”

The surface array of seismic stations was
unfortunately not in operation during the
large fracture experiments. Correlation
of fracture orientation and extension is
therefore not possible from seismic in-
formation.

FIG. 1. PRESSURE GAUGE SUB ASSEMBLY.

FIG. 2.

Data recorded from the surface array during
the small fracture experiments show no
detection of microseismic events.

CONCLUSION

The overall test results from the GT-1
hydraulic fracture experiments proved most
successful. Plans are now operational to
drill a second Granite Test Hole, GT-2,
where more elaborate and extensive hydrau-
lic fracturing experiments will be conduct-
ed at depths up to 1829 m (6000 ft) and
temperatures approaching 200°C. A downhole
instrumentation package is being designed,
independent of the hydraulic tubing and
capable of withstanding the severe environ-
ment. A surface array of seismometers and
tiltmeters will be fielded to insure ex-
perimental data to determine the probabil-
ity of mapping the fracture at large depths.
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FIG. 3. DOWNHOLE SEISMOMETER ASSEMBLY.

FIG. 4. RECORDI?S SYSTEM BLOCK DIAGRAM,
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FIG. 5. PRESSURE AND GEOPHONE RECORDED DATA, 6T-1, 3-28-73,

~ FIG. 6. BREAKDOWN PRESSURE, 6T-1, 3-28-73,
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F16. 7. REPUMP OF 3-28-73.

FIG., 8. FRACTURE EXTENSION PRESSURE, 3-28-73. . .o



FIG. 9. LARGE FRACTURE EXPERTMENT, HB-2, 4-4-73



FIG., 11, LARGE FRACTURE, H‘B-S, 4-5-73,
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REFRACTED PRESSURE WAVE.
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HB-3,April 5, 1973 SR o DI — SYStem pressure vs time. ST
o ‘ Cheaeen Undlsturbed theoretical pressuretva1u9 to.
! =145 - 3.5t + 27.6 cos[ZH(2 24)1 e’5.9
0}~ (0 <‘t4-6 23 t >I8) o —

- Major: seismic event

A pressure wave whose interaction with the '
,theoret1ca1 pressure wave would produce tne
actua] nressure from 6.2 seconds on.
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