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TESTING, DRILLING, AND LOGGING OF GEOTIIEFML TEST HOLE GT-2, PHASE I1 

by 

Roland A. P e t t i t t  

ABSTRACT 

Geothermal T e s t  Hole No. 2 (GT-2) is a deep exploratory hole d r i l l ed  
in to  the Precambrian-age grani t ic  rocks underlying the Jemez Mountains of 
north-central N e w  Mexico. 
a b i l i t y  of the Fenton H i l l  site for  development of the world's f i r s t  dry 
hot rock geothermal energy extraction experiment. 
ac t iv i ty  i n  the area, the near-surface rocks s t i l l  re ta in  a great amount 
of heat. 

June 1974. 
performed t o  determine the permeability of the grani t ic  rock a t  depth. 
Hydraulic fracturing experiments, using methods and equipment developed by 
the oi l -wel l  service industry, were conducted a t  specif ic  zones in the  
gran i t ic  section of the hole. 
were completed during t h i s  tes t ing phase t o  allow experiments t o  be con- 
ducted i n  a "fresh" hole, 
performed during tes t ing and dr i l l ing.  This report describes the second 
phase of the development of GT-2. 

The purpose of the hole is t o  confirm the sui t -  

Due to  recent volcanic 

The d r i l l i ng  of GT-2 to  a depth of 1937 m (6356 f t )  was completed i n  
Following the dr i l l ing ,  a ser ies  of hydrology experiments was 

. 
An additional 105 m (345 f t )  of d r i l l i ng  

Various diagnostic-logging operations were 

I. INTRODUCTION 

The primary objective of the Los Alamos Dry 

Geothermal Source Demonstration Project is to  inves- 
t iga te  and develop methods of extracting energy eco- 
nomically from hot rock in the  ear th 's  crust. 
w i l l  involve large-scale f i e  

s t ra t ions  of d r i l l i ng  in to  hot rock, fracturing i t  * 

by hydraulic pressitre o r  by other methods to  produce 

connected circulat ion paths through the rock, and 
then circulat ing water or  other f lu ids  through these 

channels t o  extract  heat from the rock and transport 
it to  the earth's surface. It wi l l  include research 

and development in those areas of geochemistry, geo- 

physics,' heat flow, f lu id  flow, rock mechanics, 
seismology, enviromental effects ,  and related sub- 

jects, which'are required t o  make such an energy- 
extraction system successful, economical, and envi- 

ronmentally acceptable. lS2 

jective wi l l  a lso be to  make th i s  new technology 

This 
- #  

tudies and demon- 

Throughout the l i f e  of the project, a major ob- 

available to  industry as soon as i ts  usefulness has 
been demonstrated. 

The geothermal source demonstration area is 
located on the Jemez Plateau, which is part  of the 
western arm of the Rocky Mountains extending in to  
northern New Mexico (Pig. 1). As a re su l t  of rela- 
t ively recent vulcanism, a large amount of heat is 
still retained i n  rocks underlying the en t i r e  area 
within'a few kilometers of the surface. 

by R e n i ~ h , ~  and has since been described by Woods 

and Northrop,O Smith e t  aL, Ross e t  al, and Bailey 
et  ~ 1 . ~  A regional geologic map was published by 

9 Smith et a1.* Pitzsimmons described some of the 
Precambrian rocks in the area and West" has discuss- 

ed the geophysics of the J&ez Mountains. 

The geology of t h i s  region was  f i r s t  described 

5 6 

The Los Alamos Scient i f ic  Laboratory (LASL) is 
located on the eastern flank of the Jemez Mountains, 

about 50 lon (30 miles) by road from the demonstration 

area. 

8 fMSPWlBUTiON OF THIS DOCUMENT U ~ L l t d l r  
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Fig. 1. Major s t ruc tura l  features and area of in- 
vestigation i n  north-central New Mexico. 

On the basis  of previous studies, surveys, and 
f ie ld  experiments, 11-13 a specif ic  site on the Jemez 
Plateau west of Los Alamos was selected as an appro- 
pr ia te  location for  development of the f i r s t  dry hot 

rock energy experiment. 

t i f fed  as "The Fenton H i l l  Site," or TA-57 (LASL 
Technical Area 57). 

It has been of f ic ia l ly  iden- 

This report presents a chronological history of 
the work done and some of the problems encountered 

i n  tes t ing,  d r i l l i ng  and logging during the second 

phase of work i n  GT-2. More detailed descriptions 
of individual par ts  of the work and the conclusions 

that were drawn from interpretat ion of the test data 

w i l l  be presented i n  forthcoming reports by others. 

11. SUMMARY OF PEASE I WORK 
Drilling began i n  GT-2 on February 17, 1974. 

Serious problems encountered i n  d r i l l i ng  the Permian- 

age red beds and the Pennsylvanian-age shales and 
limestones required a s t r ing  of 34-cm-diam (13-3/8- 
in.) casing t o  be set to  a depth of 488 m (1600 f t ) .  

The Precambrian grani t ic  surface was reached a t  a 
depth of 733 m (2404 f t )  on March 30, but caving of 

the overlying sedimentary rock formations continued 

to  present d i f f icu l t ies .  

cm-diam (10-3/4-in.) casing was set from the surface 

to  a depth of 773 m (2535 f t ) .  

A second s t r ing  of 27.3- 

Drilling continued 

i n  the gran i t ic  basement rocks t o  a depth of 1937 m 
(6356 f t ) .  

d r i l l i ng  and logging of the f i r s t  phase of GT-2 has 

been presented in a previous report. 

A detailed account of the planning, 

14 

The geologic section of the f i r s t  phase of the 
15 project has been reported by Purtymun et al. 

was 2652 m (8701.5 f t )  above mean sea level, and a l l  

depths i n  Phase I and I1 were measured from t h i s  
point. 

The elevation of the top of the Kelly bushing 

111. PLANNING OF PHASE I1 WORK 

A detailed plan of the proposed Phase I1 post- 

d r i l l i ng  measurements for  GT-2 was prepared i n  
December 1973. 
dated March 20, 1974, is included as Appendix A of 

t h i s  report. 

be followed immediately a f t e r  the d r i l l i ng  (Phase I) 
had been completed. A number of post-drilling meas-  
urements and experiments were also l i s t ed .  The pri- 

mary objective of the tes t ing was t o  obtain addition- 

a l  hydrologic, geologic and i n  situ earth-stress and 
fracture-mechanics information to  make a decision 

whether t o  proceed with the development of the energy 

demonstration project a t  the Fenton H i l l  site. 

The revised version of t h i s  plan, 

The plan outlined the sequence of operations to  

Because of changed conditions and unforeseen 
events, some par t s  of the plan were not accomplished 

i n  the way tha t  had been outlined. 
aspects of the work wi l l  be discussed i n  the conclud- 
ing section of t h i s  report. 

These changed 

IV. GEOPHYSICAL INVESTIGATIONS 
A. Seismic N e t  Ins ta l la t ion  

In the planning for  the experiments i n  GT-2, 

the implantation of a series of seismic l is tening 

posts was considered t o  be a v i t a l  par t  of the pro- 

ject. 
detect the sonic events associated with the in i t i a t ion  
and propagation of the downhole fracture  and thus to  

plot  its location; and (2) t o  monitor the hydraulic 
f racture  experiments t o  obtain advance warning i f  

stresses were building up which might cause ear th  

tremors i n  the area. 

U s e  of the s ta t ions was  t o  be two-fold: (1) t o  

During the first-phase d r i l l i ng  program i n  the 

spring of 1974, the construction of the seismic net  

was begun. 

ring of s ta t ions around the d r i l l  site. 
Two LASL groups each instal led the i r  own 

These i 
n 
L 
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separate installations served to complement each 
other as one set of stations was located within a 
762-m (2500-ft) radius of GT-2, and the other set 
was farther away and was tied in with the regional 
seismic net (Fig. 2). 

1. 4-22 Installations. The LASL Geothermal 
Group is designated as 4-22. 
installed and operated by this group consisted of six 
seismic stations and four tiltmeter stations, with 
two of the installations intended to house both seis- 
mic and tiltmeter equipment. 
stations and one combination station were located on 
an arc with a radius of approximately 762 m (2500 ft) 
from the drill hole. One other combination station 
and a tiltmeter installation were placed at a radius 
of 152 m (500 ft), and one tiltmeter at a distance 
of 30 m (100 ft). Relative elevations of the sta- 
tions ranged from 50.m (164 ft) below the ground- 
level elevation of GT-2 to 10 m (33 ft) above. 

The stations that were 

Four of the seismic 

The general procedure for the construction of 
the 4-22 stations was to excavate a 2- to 3-m-diam 
hole (6- to lO-ft), 2- to 3-m deep into solid volcan- 

ic tuff rock, pour a 15-cm-thick (6-in.) concrete 
slab at the bottom, install a 1.2-m-diam (4-ft) cor- 
rugated metal pipe with hinged lid, and backfill 
around the pipe. 

Three Teledyne S-13 seismometers were installed 
at each seismic station, together with low-noise 
amplifiers, lightning arrestors, batteries, associ- 
ated terminal boxes and wiring (Fig. 3). At each 
tiltmeter station, a 10-cm-diam (4-in.) hole was 
drilled through the concrete slab and a North Ameri- 
can Rockwell biaxial tiltmeter placed vertically in 
the hole. 
the tiltmeter (Fig. 4). 
to the instrumentation trailer was run on the ground 
surface, except where it was buried at roadcrossings. 

Considerable difficulty was experienced in keep- 
ing the stations operational during the summer light- 
ning-storm season. 
severely damaged by lightning in July, and only the 
close-in tiltmeter station, 4-8, was used to obtain 
data during the fracture experiments. 

Selected, graded sand was tamped inaround 
All wiring from the stations 

The tiltmeter instruments were 

2. GT-1. The 785-m-deep (2575-ft) exploratory 

drill hole in Barley Canyon, known as Geothermal Test 
Hole No. 1 (GT-1) and located 2.6 Ian (1.6 mile) north 
of GT-2, was instrumented with a downhole geophone 

set approximately 15 m (50 ft) off bottom (Fig. 5). 
This hole served as an additional listening post 
4 

Fig. 3. Interior of typical 4-22 seismic station, 
showing the three seismometers, terminal 
boxes, wiring and lightning arrestors. 

Fig. 4. Installation of tiltmeter instrument in 
Station 4-8. 

during the fracture experiments, and was particularly 
useful because it afforded a means to couple directly 
with the Precambrian granitic rock. 

' 

3. J-9 Installations. The LASL Underground 
Test Phenomenology Group is designated as J-9. This 

group has operated a regional seismic net with sta- 
tions located throughout the Jemez Mountains since 
1972. An outlying seismic net around GT-2 was in- 
stalled, with the farthest station being 1888 m 
(6194 ft) away and the closest a distance of 164 m 
(537 ft). 

t 

b 



Fig. 5. hstrumentation van for downhole geophone 
at Geothermal Test Hole No. 1 (GT-1). 

Holes with a depth of approximately 
were excavated, a concrete base was poured in the 
bottom, and a 40-cm-diam (16-in.) metal can placed 
on the pad. A single geophone was placed at eachi 
station: Teledyne Geotech Model S-13 at Stations 5-5, 
5-7, 5-10. and 5-12; Mark Products, Inc. Model L4-3D 
at Stations 5-2 and 5-6; and Geospace Corp. Model 
€IS-10 at the remainder. 
were used at each station in conjunction with a power 
amplifier unit, placed on top of the can and wrapped 
in plastic. 

Station 5-13 was a 180-m-deep (590-ft) explora- 

'&o 12-V,wet-cell batteries 

t o r y  drill hole in Lake Fork Canyon, about 915 m 
(3000 ft) southeast of GT-2. 
Company Model H-86 hydrophone was placed at a depth 
of 170 m (557 ft), a distance of 17 m (56 ft) below 
the water surface in the hole. 

A Wilcoxoo Research 

4. GT-2 Geophone Package. A geophone package 
to be used to detect ponic events in GT-2 during the 
fracture experiments was designed and fabricated by 
LASL Group 4-22, using standard stock components. 
The instrument consisted of a triaxial-geophonearray, 
8-Hz frequency, tested to withstand 20OoC; and a 
bonded strain-gauge-type pressure gauge, 51.7 Mea 
(7500 psia), temperature compensated f 
The package had a maximum diameter of 9.2 cm (3.6 in.) 
to fit inside the drill pipe. 
fitted with an orienting shoe at the upper end, so 
that the azimuthal alignment of the geophone could 
be determined. 

The package was also 

B. Resistivity Net 
1. LASL 4-22 Operations. Tvo lines for sur- 

face resistivity determinations were centered on GT-2 
at about a 60-degree angle to each other. 
were installed to determine variations in the deep- 
resistivsty values during the hydraulic fracturing 
experiments. 

These 

Each line extended for a distance of 3 km (1.9 . 
mile) on both sides of the drill hole. One line was 
oriented in an approximate north-northeast direction 
and the other in an east-northeast direction. It was 
planned to set a dipole transmitter at various loca- 
tions along each line and to make potential differ- 
ence measurements at 25O-m (820-ft) intervals along 
the opposite line. 

2. University of New Mexico Operations. The 
University of New Mexico (UNM) Geology Deparhnent 
also installed two transmitting lines in the Fenton 
Hill area. One line extended down Lake Fork Canyon 
(just south of Fenton Hill) in an eastrest direction 
and the other extended in a north-south direction 
from Lake Fork Canyon to Fenton Lake. 
were made from along these lines to various receiving 
points along existing forest roads on the mesa tops 
and in the valleys. 
to 15 amps, at very low frequencies. 
C. Sonic Velocity Calibrations 

Transmissions 

Transmissions were made at 10 

Birdwell Logging Company conducted sonic-veloc- 
ity calibration measurements from the 4-22 and J-9 
seismic stations around the drill hole. The Birdwell 
"Vibroseis" truck was positioned near each seismic 
station, and sonic velocities were recorded from the 
ground surface to the downhole geophone at depths of 
1372, 1593, and 1783 m (4500, 5225, and 5850 ft) in 

During July, a seismic survey of the general 
area around GT-2 was conducted by the 5. W. Cooksley 
Compaay of Tucson,.Arizona. The purpose of the sur- 

vey was to locate faults in the near-surface struc- 
ture and to obtain generalized geological information 
on the deep structure as an aid in selecting.eites 
for future holes in the immediate vicinity. loth re- 
flection and refraction seismic methods were employed. 

Small diameter holes were drilled 5- to 2O-m 
deep (15- to 65-ft) into the volcanic tuff, and were 
loaded with 113-g (0.25-lb) sticks of dynamite. One 
line of holes ran for about 4 lap (2.5 miles) down 

5 
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Fig. 6. "Vibroseis" truck unit used to conduct sonic 
velocity calibration measurements from seis- 
mic stations to drill hole. Thumping device 
to supply enere for the sonic signal is 
positioned near back wheels. 
is seen in front of truck. 

Station 4-6 

Lake Fork Canyon. 
were recorded on the mesa top to the north. Another 
series of shots was made at 200-m (656-ft) spacings 
on a line angling northwest across the center of the 

The shots fired in these holes 

drill hole. 
All seismic signals were 

tape for future filtering and 
work. 

recorded on magnetic 
computer enhancement 

V. HYDROLOGY EXPERIMENTS 
A. Purpose 

As soon as the drilling and logging operations 
had been completed in GT-2, a set of measurements 
employing drill-stem-testing techniques was planned 
to determine the prefracturing permeability of the 
Precambrian rock below the casing. The purpose of , 
these tests was to determine the permeability of the 
exposed basement rock at various intervals in the 
hole. Because the successful operation of a two- 

hole dry hot rock geothermal energy system is largely 
dependent on the impermeable quality (watertightness) 
of the basement rock, it was important to determine 
the least permeable sections of the hole for conduc- 
ting the fracture experiments. 
B. Depths Tested 

Hydrology testing began on July 17 and continued 
until August 4, when it was essentially completed. 

6 

i Approximately 16 tests were conducted in the 792- to 
884-m (2600- to 2900-ft) and 1433- t o  1890-m (4700- 
to 6200-ft) depths of the hole. 
ranged from a minimum of 27 m (90 ft) to a maximum 
of 124 m (408 ft). On September 8, after the hole 
had been deepened to 2042.6 m (6701.5 ft), an addi- 
tional hydrology test was coiulucted in the section 
of the hole below 1981m (6500 ft). 
C. Test Procedure 

Packer spacings 

All packers used in the hydrology tests were 
furnished by the Johnston Division of Schlumberger 
Limited. 
straddle packer assembly consisting of two packer 
elements, spaced 3 m (10 ft) apart, set above a 
hook-wall anchor at the lower end of the pipe string 
with another similar two-packer assembly inserted in 
the pipe string at the selected spacing interval. 

The usual procedure was to make up a 

Sections of the hole to be tested were selected 
on the basis of data obtained from the geophysical 
logs, with the caliper log being used very effec- 
tively to determine depths in the hole that were 
closest to bit-gauge diameter, where the anchors and 
packers would have the best chance of seating. 

In the two instances in which the bottom section 
of the hole was tested, a string of drill collars 
was made up to rest on the bottom of the hole with 
the packer assembly inserted in the string for posi- 
tioning at the top of the test interval. 

1. Flow Testing. After the packer assembly 
had been set in a predetermined zone, the drill pipe 
was partially filled with water to prevent possible 
steam blow-offs during the flow tests. 
control valve in the multiflow evaluator (MFE) sys- 
tem of the Johnston packers was then opened to allow 
inflow of water from the formation. (This control 
valve is sequentially opened and closed by up-and- 
down motion of the drill stem.) 
to 4-h duration were normally conducted. 
end of a completed series of flow tests, a 2500 d 
(0.66 gal) sample of formation fluid (or drill-hole 
fluid) was trapped in the MFE sampler chamber and 
brought to the surface for analysis. 

The main 

Flow tests of 2- 
At the 

2. Shut-In Pressure Testina. When the flow 
test was completed at each zone, the MFE valve was 

closed and an 8- to 12-h pressure test was conducted. 
During this time, the pore-fluid pressure in the rock 
isolated by the packer assembly was obtained. 
sures were recorded on a metal chart by a diamond- 

Pres- 
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tipped s tylus  a t  the end of a bourdon tube within a 

section of the packer assembly. 

After a complete sequence of tests had been 
completed a t  a specified depth, the assembly was  
pulled up the hole and set a t  the next higher zone 

to  be tested. Normally, two separate flow tests and 

shut-in pressure tests were made a t  different  depths 

before the packer assembly was withdrawn from t h e  

hole. 

3. Injection Test ing.  Upon completion of the 
second flow and shut-in pressure test, the MFE valve 

was opened and the d r i l l  pipe f i l l e d  with water to  

the surface. The decrease i n  water level  in the 
pipe was  observed for  periods up to  4 h to  measure 

the rate a t  which the formation accepted water. Then 
the d r i l l  pipe was  pressurized a t  1.4 t o  2.8 MPa 

(200 t o  400 psi) above surface hydrostatic, and the 
r a t e  of inject ion in to  the formation was again ob- 

served for  a 4-h period. 

D. Testing Results 
The hydrology tests generally indicated that 

the gran i t ic  rock w a s  re la t ive ly  impermeable. 

sections of the hole that gave the appearance of 
being "tight" on the geophysical logs were zones of 

low permeability i n  the microdarcy range. The per- 

meability of the rock, a t  pressures of 1.4 and 2.8 

MPa (200 and 400 psi)  above surface hydrostatic, 

w e r e  low enough to  place the rock i n  the category of 
being "dry. 
E. Equipment Problems 

Those 

1. Mechanical. Considerable d i f f icu l ty  was 

experienced during the early stages of the hydrology 
tes t ing due t o  toolmalfunctlons, leaky pipe, and 

f i t t i n g s  plugged by d r i l l  cuttings. 
lems were corrected, the tes t ing  progressed more 

smoothly. 

When these prob- 

A procedure was  developed to  seat the packer 

assembly i n  the casing at a depth of approximately 
610 m (2000 f t )  and t o  cycle the MFE valve several 

times to  determine i f  it was working properly. 
Because it normally took 3 to  5 h t o  lower the pack- 

er assembly to  the zone t o  be tested, t h i s  early 

determination of correct packer operation saved con- 

siderable amounts of t r i p  t i m e .  
A useful feature  of the Johnston straddle packer 

assembly was the packer by-pass principle. 

through the packer assembly provides continuous com- 

munication of f lu id  from above the top packer to  

A tube 

below the bottom packer during a test. 
gives an inmediate surface indication i f  the bottom 

packer f a i l s  o r  otherwise becomes inoperative during 
testing. However', t h i s  feature a lso allowed the 

t o t a l  hole depth (except for  the packed-off interval)  
t o  be subjected t o  the hydrostatic water pressure i n  

the annular space between the d r i l l  pipe and the 
borehole w a l l .  

amounts of water over large sections of its depth, 

the drop i n  the annulus water leve l  was measurable. 

This feature 

A s  the gran i t ic  rock accepted small 

A further procedure, which was developed to  

check for  proper function of the packer assembly, 
made use of t h i s  continuous drop i n  the annulus water 
level. 

the annulus level  were made with the MFE valve both 

open and closed. I f  the water-level drop decreased 

or  remained the same a f t e r  the valve was closed, it 
was  assumed the assembly was functioning properly. 
I f  the rate of drop increased, as occasionally hap- 

pened when the valve was supposedly closed, it was 

taken as an indication that the assembly was not 
operating properly, and the packers were pulled for  

inspection without going through the hydrology test 

exercise. 

After the packer was  seated, measurements of 

2. Packers. The diameter of the packer ele- 

ments used i n  the f i r s t  few tests was 21.6 cm (8-1/2 

in.), but a f t e r  d i f f icu l ty  i n  trying to  seat t h i s  
sire, a 23.2-cm-diam s i ze  (9-1/8-in.) proved to  be 

more satisfactory. 
frequently torn and ruptured from being seatedagainst 
and dragged across the i r regular  borehole walls. A t  

least one element i n  the assembly usually needed re- 
placement a t  the conclusion of each test, but due to  
the double packer configuration, very l i t t l e  leakage 

past the elements occurred during t h i s  stage of the 

tes t ing (Fig. 7). 

The rubber packer elements w e r e  

3. Hook-Wall Anchors. In i t i a l ly ,  21.6-cm-diam 

(8-112-in. ) hook-wall anchor assemblies were used. 

These were expandable to  a diameter of 27.6 cm (10- 

718 in.), but were found to  be too s m a l l  fo r  re l iab le  
seating in the hole. Subsequently, a 27.3-cm-diam 
(10-3/4-in.) anchor assembly was used, which was  
expandable to  30.5 cm (12 in.), and these proved t o  

be satisfactory. 

During the f i r s t  hydrology tests, the replace- 

able shoes of the hook-wall anchors were made of 

plain-carbon steel, and no great d i f f icu l ty  was  ex- 
perienced i n  seating the anchors. When these shoes 

7 



Fig. 7. Double packer element being withdrawn from 
d r i l l  hole. 
ruptured, but the upper element is still 
usable. 

The lower packer element has 

i 

i 

became worn, they were replaced with carbide-steel 

shoes, and seating of the anchors became very d i f f i -  

cu l t .  
before these anchors would seat. 
sized that the carbide-steel anchor shoes w e r e  too 

hard for  the rock and that  the borehole-wall sur- 
faces i n  contact with the anchor shoes spalled off 

under pressure. 
shoes was resumed, t h i s  problem disappeared and 

seating of the anchors was often accomplished on the 

f i r s t  t ry .  

Four or  f ive  attempts were usually required 

It was hypothe- 

A s  soon as the use of sof te r  steel 

VI. FRACTURE EXPERIMENTS--OPEN HOLE 
Before continuing with the d r i l l i ng  phase of 

the planned two-hole energy extraction system a t  

Fenton H i l l ,  i t  was necessary t o  obtain specif ic  

data on the hydraulic fracturing character is t ics  of 

the grani t ic  rock i n  GT-2. 

experiments were performed i n  an open, uncased bore- 

hole with the purpose of determining the following 

information. 

The f i r s t  fracturing 

Fracture in i t i a t ion  (breakdown) pressure; 

Fracture orientation; 

Fracture extension pressure; 
Preferred direct ion of f racture  extension; 
Fracture f lu id  leak-off rate; 
Pressure-volume relationship of repumped 

fracture; and 

(7) Determination of least compressive stress. 
A. Zones Tested 

Fracture experiments began on August 5. and were 
conducted i n  six main zones i n  the open hole. 

approximate depths of the zones are defined as 
The 

Zone 1 843-873 m (2765-2865 f t )  

Zone 2 793-817 m (2600-2680 f t )  

Zone 3 1442-1487 m (4730-4880 f t )  

Zone 4 1487-1530 m (4880-5020 f t) 

Zone 5 1620-1644 m (5314-5394 f t )  
Zone 6 1407-1571 m (4617-5153 f t )  

These zones were selected from the logs as being the 
least fractured areas of the  hole and being closest  

t o  bit-gauge size. 
tes t ing i n  these zones fur ther  indicated tha t  they 

w e r e  re la t ive ly  impermeable. 

B. Equipment 

The resu l t s  of the hydrology 

1. Packer Usage. Johnston packers had been 

used for  a l l  of the hydrology experiments and the i r  
use was continued for  most of the fracture  experi- 

ments. 
continued u n t i l  August 25, except fo r  a few days 

when Brown O i l  Tool in f la tab le  packers were t r ied.  

Testing with the Johnston packer assemblies 

The Johnston packers w e r e  made up i n  a s t raddle  
packer configuration, with two packers below and two 

packers above the zone t o  be tested. 
Johnston packer elements were made of 90-durometer 

hardness rubber, but the last few tests were made 

with sof te r  elements of 70-durometer hardness. 

Most of the 

A l l  zones w e r e  pressurized using the Johnston 

packers a t  flaw rates varying from 4 t o  76 l/min 
(1  t o  20 gpm). 

1000 ps i )  were usually reached before leakage oc- 
curred around the packers. During the f i r s t  frac- 

tu re  experiments, seismic noises tha t  were created 
by leakage around the packers w e r e  thought t o  be 

breakdown or  f racture  extension signals. Later. 
these signals were recognized as resul t ing from 

leakage, when it was observed that the annulus water 

level always rose rapidly a t  the same time. By using 

Pressures of 3.4 t o  6.8 MPa (500 t o  

i 

. 
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Fig. 8. Impressions of two high-angle fractures 
remained in the rubber of this Lynes packer 
element after it was pulled from the bore- 
hole. 

cker elements,' pressures 
e leakage occurred. 

Drill-stem weights o 
Mg (80 000 lbs) to 68 Mg (150 000 lbs), but leakage 
still occurred. 

A Brown Oil Tool impression packer was used in 
Zone 4 to test for fractures, but no impressions 
were obtained. 
surization tests were made in Zone 5 with the Brown 
inflatable packers made up as straddle packers. 
These tests were also unsuccessful as the packers 
either burst when inflated or allowed water to leak 

On August 20 and 21, several pres- 

hd 

past . 
From August 26 through 30, and on September 2, 

past . 
From August 26 through 30, and on September 2, 

Lyneb packer elements were used for pressurization 
tests id Zones 5 and 6. Pr 
psi) were obtained before 1 
internal-seating pressures 
ranged to 6.1 MPa (880 psi), Fig. 8. 

2. Pressurization Systems. Four systems for 
pressuri2ing the hole were available during the 

Fig. 9. Pressurization system for low flow rates. 

Amount of water In the 
Water tank at right is pressurized by com- 
pressed nitrogen. 
tank is determined by weight on load cells 
at the base. 

* 

fracture experiments. 
were designed by LASL 4-22 personnel. 
systems were used for low flow rates at closely 
controlled pressures and were hooked up to be used 
interchangably. 

The first three described 
These three 

a. Hydrology System. This unit was designed 
principally for measurement of the rock permeability 
at very low flow rates. It consisted of a 0.23- 
(8-ft ) water tank that was pressurized by compressed 
nitrogen (Fig. 9). A constant pressure up to 4.8 

3 
3 

MPa (700 psi) could be maintained during flow. The 
tank rested on three load cells which were used to 
weigh the amount of water displaced. This feature 
was also used during venting operations to measure 
the amounts of water recovered when pressure was 
released In the hole. 

The equipment for the hydrology system was 
mounted on an open-air platform located beside the 
drilling rig. 

b. Accumulator System. This system was 
designed for the fracture initiatlon and extension 
experlments. 
plished by flaring water from three prepressurized 

accumulator tanks through a control valve. The tanks 
each held approximately 38 4 (10 $all of water, pres- 
surized to 34.5 MPa (5000 psi). 
electropneumatic control valve could be accurately 
controlled at rates from 4 to 76 llmin (1 to 20 gpm). 

Pressurization of the hole was accm- 

Plow through the 
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Pig. 10. Interior of trailer containing accumulator 
system and low-volume pump. Accumulator 
tanks with connecting piping and valves 
are shown on right. The low-volume air- 
driven water pump used to charge the 
accumulator and for pressurizing the hole 
is mounted on the floor. 

The accumulator system with its charging pump was 
contained in a trailer located near the drilling rig 
(Fig. 10). 

c. Low-Volume Pump. The accumulators 
were pressurized with an air-driven water pump with 
a maximum pumping capacity of 6.6 Urn (1.75 gpm) at 
34.5 MPa (5000 psi). It was possible to pressurize 
the hole directly with the unit, bypassing the ac- 
cumulators. 

3 

(100 SCFM) of compressed air at 0.7 MPa (100 psi). 
The power requirement of the pump was 0.05 m /s 

d. High-Volume Pump. A truck-mounted 
high-pressure pumping unit was furnished by an oil- 
well services contractor, the Western Company of 
Farmington, New Mexico. The pump was a positive- 
displacement triplex unit, capable of a maximum flow 

of 606 tlmin (160 gpm), powered by a 186-kW (250-hp) 
diesel engine (Fig. 11). Pressures and flow rates 
were recorded on a strip-chart recorder. The unit 
was also hooked into the LASL low-volume pumping 
system, so that pumping pressures could be monitored 
in the accumulator trailer. 

3. Electronic Instrumentation. Capabilities 
for observing and recording the data from the follow- 
ing gauges and instruments were provided in the in- 
strumentation trailer. 

a. 
level; 

b. 
C. 

d. 
e. 
f. 

Transducer for measuring annulus water 

Downhole geophone; 
L4SL seismic stations; 
Load cells on hydrology tank; 
Pumping pressure; and 
Time vs pumping pressure plotter. 

VII. HOLE DEEPENING 

A. Drilling 

elements to arrive at the drill site, it was decided 
to drill ahead with a Smith 25.1-cm-diam (9-7/8-in.) 
carbide-inseh hining bit. 
the casing was only 25.3 cm (9.95 in.), but the bit 
went down through the casing without difficulty. Two 

short sections of the open hole, at depths of 853 
and 1890 m (2800 and 6200 ft), required a small 

amount of reaming. Drilling ahead began at 4:30 a.m. 
on August 31 using water as the drilling medium, and 
was concluded at a depth of 2040.8 m (6695.5 ft) on 
September 5. 
2 m/h (6 ft/h). 
B. Logging and Coring 

On August 30, while waiting for new Lynes packer 

The inside diameter of 

The penetration rate was approximately 

After drilling was completed, the hole was wash- 

14 
ed to bottom with open-ended drill pipe using the 
standard circulation procedure developed in Phase L 
When the temperature probe was run in the hole, ap- 
proximately 12 m (40 ft) of fill were encountered 
on bottom. The hole was washed to bottom again, 

i 

, 

w 

Fig. 11. Truck-mounted high-pressure pumping unit 
for high-volume flow rates. 
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Fig. 12. Diagnostic logging services performed i n  
GT-2 on September 8, 1974. 

circulated fo r  0.5 h and the d r i l l  pipe pulled up 
2.1 m (7 f t )  off bottom. The heavy LASL temperature 
probe was then run down inside the pipe. 

t i p  of the probe rest ing on rock a t  the bottom of 

the hole, and the top 0.6 m (2 f t )  of the p robes t i l l  
inside the d r i l l  pipe, a batch of 3 m 
71-s-viscosity mud (Aquagel and C e l l e x )  was pumped 

to  bottom t o  reduce thermal convection. 
of measurement, the  extrapolated bottomhole tempera- 

tu re  was  146.2'C. 

With the 

3 (20 bbls) of 

After 20 h 

Following the temperature measurements, the hole 

was deepened t o  2042.6 m (6701.5 f t )  using a JOIDES 

core-bit assembly. No core was recovered from t h i s  

run. 
Diagnostic logging operations were then conduct- 

ed in the  hole as summarized in Fig. 12. 

C. Hydrology T e s t i n g  

b i l i t y  using a packer assembly consisting of three 
Johnston elements a t  the top of a 62-m (203-ft) 

section of d r i l l  col lars .  

zero inflow at the 1981- t o  2042-m (6498- t o  6701-ft) 

interval. 
that a water pressure of nearly 13.8 MPa (2000 psi)  

The bottom of the hole was tes 

A 1-h flow test indicated 

A subsequent 7-h shut-in test indicated 

was acting on the  formation a t  the tested interval. 

Several f racture  impressions w e r e  noted on the lower 

packer element, spaced about 15 cm (6 in.) apart, 

dipping 70 degrees. 

VIII. FRACTURE EwERIlENTS--CEbENTED LINER 

Because of the fa i lure  of the packers t o  hold 

sa t i s fac tor i ly  in the open hole, i t  was necessary t o  
resor t  t o  a cemented l i ne r  t o  conduct meaningful 

f racture  experiments. Accordingly, arrangements w e r e  

made with Balliburton Oil Well Cementing Company to  

cement a steel l i ne r  and polished-bore receptacle 

(PBR) in the hole. 
A. Liner Placement 

The bottom section of the hole was f i r s t  f i l l e d  
with coarse sand (-No. 8 +No. 12) t o  a depth of 1989 

rn (6525 f t ) .  

1981.5 m (6501 f t )  was then placed on the sand. 

l i ne r  and PBR assembly, consisting of 64.2 m (210 f t )  

of 16.4-cm-i.d. (6.46-in.) casing, was set on top of 
the cement plug on September 10, and cemented in to  
place. The top 1.1 m (3.5 it) of the assembly w a s  
made up with a f lared,  machined inner-surface section 

into which the PBR mandrel on the end of the pipe 
s t r ing  would seat. 

l iner  t o  set, a 15.6-cm-diam b i t  (6-1/8-in.) was run 
down through the l iner ,  the cement plug was  d r i l l ed  
and the sand washed out of the bottom of the hole. 

On September 13, the PBR mandrel assembly was seated 

with a t o t a l  of 63.5 Mg (140 000 lbs)  of dr i l l - s t r ing  
weight. 
B. PBR Assembly Testing 

i n  Zone 7 at  the 1981- to  2042-111 depth (6498- t o  

6701-ft) during the following week in which pressures 

up t o  17.2 MPa (2500 psi)  and flow inject ion rates of 

454 Umin (120 gpm) were obtained, using the high- 

volume truck-mounted pump. The downhole instrumenta- 
t ion cable pack-off assembly on top of the p ipes t r ing  
leaked continuously and f ina l ly  ruptured. 
t o  repair  t h i s  assembly, the pipe s t r ing  had t o  be 

raised, which required breaking the PBR seal. 

the PBR seal had been reset, rises i n  the annulus 
water leve l  above the PBR began to  occur during pump- 

ing. 

for  inspection, it was discovered tha t  the nylon chev- 

ron seals i n  the PBR mandrel had been damaged during 

the reseating operations (Fig. 13). 

A cement plug with its top surface a t  
The 

After a 24-h wait t o  allow the cement around the 

A series of pressurization tests was conducted 

In order 

After 

When the assembly was pulled out of the hole 
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Fig. 13. Damaged chevron seals on the PBR mandrel. 

Extensive temperature measurements in the bottom 
of the hole below the liner section during pumping 
seemed to indicate that a fracture had been created 
or that an existing crack had been opened. 
C. Packer Testing in the Liner 

Because the seals on the PBR mandrel had been 
so severely damaged, it was necessary to seat a pack- 
er in the liner for further pressurization tests. On 
September 21, a Baker O i l  Tool packer was set in the 
liner at a depth of 1928 m (6325 ft). 
next 2 days, a Schlumberger spinner logging tool 

(Fig. 14) was used to test for water flow into the 
crack during pressurization experiments. Twenty 
logging runs were made during which increasing vol- 

3 umes of water up to 17 m 
single injection were pumped into the crack at pres- 
sures of approximately 17.2 MPa (2500 psi) and flow 
rates of 454 to 681 thin (120 to 180 gpm). A later 
interpretation of the spinner logs indicated the 
existence of two fractures, between approximate 
depths of 1990 to 1993.4 m (6529 to 6540 ft) and 1999 
to 2002 m (6559 to 6568 ft). 

During the 

(4600 gal) in a maximum 

From September 25 through 27, the fracture sys- 
tem in the-bottom of the hole was extended by pumping 
increased amounts of water Into it. 
42, 76, and 136 m3 (11 160, 20 000, and 36 000 gal) 
were injected separately at maximum pressures of 
17.2 MPa (2500 psi) and maximum flow rates of 606 
e/min (160 gpm). During pumping, a small drop in the 

Quantities of 

Fig. 14. Schlumberger spinner logging tool is ex- 
amined on drilling rig catwalk. The rate 
of water flow through the tool is measured 
by the speed of small revolving blades in 
the section of the tool resting on the 
support . 

annulus water level was usually observed. 
ing the system, about half of the injected water was 
usually recovered. 

Upon vent- 

On September 28, a sand-fracture experiment was 
conducted to prop the cracks open. The Western Co. 
pumped in 17 m 
gel and 4.3 Mg (9500 lbs) of sand (7500 lbs of No. 
20-40 sand and 2000 lbs of No. 10-20 sand). Maximum 
pumping pressure was 20.3 MPa (2950 psi) at a flow 
rate of 1438 elmin (380 gp). Monitoring of the pres- 
sure during controlled repressurization, vent, and 
shut-in experiments continued until September 30. 
D. Perforation of Casing 

3 (4500 gal) of a cross-linked polymer 

In preparation for additional fracture experi- 
ments, the casing was perforated by Go-International 
Inc. on September 30. A total of 80 perforations 
were made in the 1941.6- to 1944.6-m (6370- to 6380- 
ft) interval, designated as Zone 8. A Johnston 
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straddle packer assembly was then lowered in to  the 
hole to  enclose the 1934- t o  1948-111 (6345- to  6390- 

f t )  interval. 

When the Interval  was pressurized with the West- 

ern pump, the pressure rose to  12.8 MPa (1850 psi) ,  
but continuous flow up the annulus indicated the 

packer was leaking. The Johnston packers were pulled 
and the Baker packer was set i n  the l i ne r  above the 
perforated zone a t  a depth of 1929 m (6330 f t ) .  Water 
w a s  pumped i n  the hole for  an hour a t  a maximum pres- 

sure of 13.4 MPa (1950 psi). 
for  15 min, then vented. 
7.6 m 
was  recovered. 

E. Final Pressurization Experiments 

The system was  shut i n  
Approximately 92% of the 

3 (2012 gal) of water tha t  had been injected 

On October 2, the Baker packer was set below the 
perforated zone to  determine if there was a connec- 

t ion from below the l i n e r  t o  the perforations. 
ing continued for  2 h a t  121 elm (32 gpm). 

sure rose t o  15.1MPa (2185 psi) ,  but no connection 

to  the annulus above the packer was observed. The 

system was vented and within 5 h approximately 85% 

of the water was recovered. 

Pump- 
The pres- 

The Baker packer was pulled out of the hole, and 

the tool  s t r ing  made up with a bridge plug on the 

bottom. 

f t )  and the Baker packer a t  1929 m (6328 f t ) ,  thus 
enclosing the perforations. 
rate of 477 elmin (126 gpm) was in i t ia ted  and the 

pressure rose immediately to  24.6 MPa (3570 psi). 

Pumping continued u n t i l  10.3 m 
had been injected. 
the pressure decay observed. 

The plug was  set a t  a depth of 1960 m (6432 

Pressurization a t  a flow 

3 (2730 gal) of water 
The system was then shut i n  and 

A t  12:30 a.m., October 3, the bridge plug and 

packer assembly was loosened and then lowered t o  set 
the packer a t  1957 m (6422 f t ) .  

of the hole was  pressurized t o  15.2 MPa (2200 psi) a t  
a flow rate of 238 Lfmin (63 gpm). A t  that  pressure, 

a short but rapid rise i n  the annulus water leve l  was 

observed, followed by a smaller, steady discharge of 

11.4 L/min (3 gpm) out the flow line. 

that two separate cracks, o f fse t  from each other but 

separated by unfractured rock, might ex is t  i n  the 
lower section of the hole and a t  the perforated zone. 

The rise i n  the annulus leve l  might therefore be water 
that was ejected through the perforations from the 
upper f racture  when the lower fracture  was expanded 

by Pumping* 

The bottom section 

IX.  REMOVAL OF LINER ASSEMBLY 

As soon as the fracture  experiments were termi- - .  
nated, the bridge plug and packer assembly was  pulled 

’ and washover operations began immediately t o  remove 
the cemented l iner .  . 

Considerable d i f f i cu l ty  was  encountered i n  wash- 

ing Over the PBR section of the l iner ,  as its outside 

diameter was nearly the same as the inside diameter 
of the washover b i t .  The central izer  f i n s  on the 

l i ne r  were also continuous sources of trouble. On 

two occasions, the washover shoe became stuck and 
the ja r r ing  tools broke, requiring f ishing operations 

to  remove the tools from the hole. 

the l i ne r  assembly was  f ina l ly  retrieved, and a 25- 

cm-diam (9-7/8-in.) full-face b i t  with junk basket 

was  run i n  t o  d r i l l  out the cement plug. 

tom at 2042 m (6701 f t )  and d r i l l i ng  ahead proceded. 

On October 11, 

By 2:OO a.m. on October 12, the b i t  reached bot- 

X. CONCLUSIONS 

During the pressurization experiments, only one 

def in i te  instance of breakdown and crack extension 

was noted. This occurred on August 6, a t  the 846- 
t o  873-111 (2775- t o  2865-ft) interval. The Johnston 
recorder package showed that breakdown occurred a t  
a pressure of 9.6 MPa (1397 ps i ) ,  and crack exten- 

sion a t  a pressure of 8.9 MPa (1286 psi). I n  a l l  

the other pumping experiments where water was in- 

jected in to  the formation, it is believed that crack 

in i t i a t ion  had not taken place, but that pre-exist- 

ing cracks had been opened and extended. 

Although the rock a t  depth i n  GT-2 appears t o  
be extensively fractured, the leak-off rate was 
quite  small. A s  a resu l t  of the hydrology tests 
and fracturing experiments. the Fenton Hill site 
was judged to  be sui table  for  further development of 

the geothermal project. 
Considering the costs that  had been already in- 

curred i n  d r i l l i ng  t o  2042 m (6701 f t ) ,  it was  de- 

cided to  deepen the hole t o  about 2750 m (9000 f t )  

and perform additional experiments a t  that depth 

before s ta r t ing  to  d r i l l  a second hole. 

XI. COMPARISON WITH PLAN 
The actual  measurements and experiments that 

were performed i n  Phase I1 are compared as follows 

with the planned experiments shown i n  Appendix A. 

I 

13 



A. Post-Drilling Measurements and Experiments 
1. Hole-Filling Operations. Because the hole 

was drilled with water instead of with air as was 

originally planned, this operation was not necessary. 

tions in GT-2 have been described in the Phase I 
report.I4 Additional logs were run after the hole 
was deepened to 2042 m (6701 ft). 

Measured and Computed Rock-Property Data. 
The elastic properties and density of the rock are 

presently being determined from the logs. 
and fractured zones were detected by the borehole 
televiewer. 
a comparison to the wet-hole neutron log was not 
made. 

show great promise of being extremely U8efUl. 
electronic components of other types of logging 
equipment do not function well at the temperatures 
encountered near the bottom of the hole. It is felt 
that with continued study, the petrologic interfaces 
between various igneous and metamorphic facies may 
be determined from the logs. 

2. Fluid-Media Diagnostic Logs. Loggtng opera- 

3. 

Fractures 

Dry-hole neutron logs were not run, so 

Full sets of electric logs were run, and they 
The 

4. Temperature Logging. Many temperature meas- 
urements were taken, and their interpretation will 
be the subject of a separate report. 

5. Sonic Velocity Survey of the Borehole. As 
described in Section IV of this report, a sonic ve- 
locity survey of the area was completed. 

6. Initial Hydrologic Studies. The hydrologic 
studies, briefly described in Section V, will be the 
subject of a separate report. 

7. Large Hydraulic Fracture Experiment. Because 
of the existence of pre-existing fractures in the 
borehole walls and the failure of the open-hole pack- 
ers to perform as expected, the fracture experiments 
did not occur as planned. 
have been briefly described in Sections VI and VIII. 
and w i l l  be the subject of a separate report. 

The fracture experiments 

8. Related Geophysical Measurements. Two of 
the three proposed measurements (changing piezoelec- 
tric potential and radon level) were not completed 
due to time and manpower shortages. The tiltmeter 
survey was not completed because lightning strikes 
damaged the installed tiltmeters and replacements 

could not be obtained in time. 
B. Subsequent Hydraulic Fracturing Ekp eriments 

See comments in Item A.7 of this section. 
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APPENDIX A 

POST-DRILLING MEASURENENTS W Q U I W D  FOR SITING OF EE-1 

WITH SUBSEQUENT HYDRAULIC FRACTURING EXF'ERIMENTS 

PHASE I1 

March 20, 1974 

A. Post-Drilling Measurements and Experiments 
For approximately 30 days following the comple- 

tion of the drilling phase of GT-2, and while the 
drilling rig is still Over the hole, a series of 
programmatically-oriented measurements and experi- 

ments will be perfomed. The primary objective of 
these immediate post-drilling measurements and ex- 
periments is to obtain additional hydrologic, geo- 
logic, and in situ earth-stre 
$cs information from GT-2 nee 
final decision of whether to proceed with the drill- 
ing of EE-1 at the Fenton Hill Site. 

1. Hole-Filling Operation. Because of the 
anticipated GT-2 bottomhole temperature- which may 
approach 2OOeC--a carefully-controlled hole-filling 
procedure is needed for both safety reasons and to 
prevent the inadvertent thermal shocking of the rock 

at the bottom of GT-2. 
The general plan is to lower a sealed and water- 

filled string of large diameter drill pipe to 
s column of water will the 
roximate thermal equilibrium 

with the surrounding roc 
transfer across the annula 
and the wellbore. The app to tempe 
librium will be monitored by a wireline 
lowered through the cente 

ly by convective heat 
gap between the pipe 

water-filled drill 

s around the drill 
e the water vapor 

pressure corresponding to the GT-2 bottomhole tem- 
perature, an impact-actuated sliding-sleeve valve, 
installed near the bottbm of the driil stringp, will 

be opened remotely by dropping a shaped, weighted 
object down the inside of the drill pipe from the 
surface. Bot,pressurized water, flowing out of the 
drill pipe through small ports exposed by the slid- 
ing-sleeve valve, uill then slowly fill the annular 

gap. 
until the annular water level is sufficiently above 
the depth below the surface corresponding to a rock 
temperature of 90% (about 500 m). 

Makeup water will be added to the drill string 

2. Fluid-Media Diagnostic Logs. In order of 
their decreasing temperature sensitivity, the follow- 
ing diagnostic logs will be run by a commercial log- 
ging company. (Rrp separate logging companies may 
be required to obtain the desired set of logs at a 
bottomhole temperature approaching 200'C. ) 

Three-dimension sonic-velocity log 
Borehole televiewer log 
Neutron log 
Several electrode configurations of electric 
(resistance and self-potential) logs 

beginning and the end of the suite) 
Temperature logs (two measurements, at the 

3. Measured and Computed Rack-Property Data. 
Based on the data obtained from the entire suite of 
diagnostic logs (both dry-hole and fluid-media) run 
in the openhole section of GT-2, the following rock- 
property data will be available for the entire logged 
interval of crystalline basement rock exposed in GT-2. 

a. In Situ Elastic Properties and Density. 
(1) Compressive velocity (P wave)* 
(2) Shear velocity (S wave)* 

*From the 3-D sonic log. 
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Density from the density (scattered 

Poisson's ratio* 
Young's modulus* 

b. Fracture Determination. The presence 
of any open fractures or fractured zones will be 
indicated primarily by the borehole televiewer log, 
and possibly confirmed by a comparison of the dry- 

and wet-hole neutron logs. 
neutron logs will be run as an experiment to deter- 
mine if water-filled fractures can be detected by a 
comparison of neutron logs. 

ventional oil-field-type electric logs will be run 
primarily as an experiment to determine which, if 
any, show promise for logging in basement rocks, 
whose electrical resistances are much higher than 

those of sedimentary rocks. (The resistances are 
higher due to the relatively low percentage of pore 
space available for the primary electrical conductor, 
water.) 

Natural uncemented fractures should give the 

The two comparative 

c. Electrical Properties. Several con- 

appearance electrically of being a sheet conductor. 
The depth of investigation (in this case, horizontal 
distance from the borehole) is primarily a function 
of the electrode spacing. It may therefore be pos- 
sible to make inferences as to the rock fractures 
surrounding the borehole by using a series of sondes 
with an increasing depth of penetration. 
series would include the following electric logs: 
microcontact, guard, induction, short-normal, long- 
normas and lateral. 

d. 

Such a 

Petrologic Changes Within the Precam- 

brian Basement. 
radioactive background level, as measured by the 
gamma log, may indicate petrologic interfaces be- 
tween the various igneous and metamorphic facies 
occurring within the Precambrian basement complex, 
as was the case in GT-1. Obviously, this type of 
information is not as necessary with a continuous 
coring program, but the ability of the gamma log to 
differentiate between various types of crystalline 
rock, if this can be adequately demonstrated, would 

Significant changes in the natural 

*Computed from the 3-D sonic and density logs. 

be a very useful tool for subsequent geothermal 
drilling programs.* 

4. Temperature Logging. The thermal recovery 
of the water-filled hole will be monitored by a 
sequence of temperature logs. 
logs will be run by the selected commercial logging 

company, just after filling GT-2 w i t h  water and again 
at the end of the series of diagnostic logs listed 
above. 
released, additional temperature logs will be run 
with LASL equipment (if it is available by then). 

which will probably extend over severalmonths, is 
to investigate the perturbation of the true tempera- 
ture profile in a region of high heat flow, resulting 
from the drilling and the presence of a large-diame- 
ter water-filled hole. 

The first two of these 

After the commercial logging company has been 

The object of this sequence of temperature logs, 

5. Sonic Velocity Survey of the Borehole. An 

integrated sonic velocity survey of the entire drill- 
ed interval--surface volcanics, Paleozoic sediments, 
and the Precambrian basement--will be run by a com- 
mercial logging or geophysical company. This veloc- 

ity survey, to be performed in several stages with a 
surface mounted energy source and a dawnhole geophone, 
will be used to provide velocity correlations needed 
in subsequent dawnhole acoustic measurements and 
fracture experiments. 
velocity determinations will be used to 
scale factors to correct, to true compressional 
velocities, the less-than-absolute velocity data 
obtained from the 3-D incremental sonic-velocity 

In addition, these integral 
provide 

logs. 

with a system referred to as a "Vibroseis," an inte- 
grated system using a frequency-variable surface- 
mounted sonic energy source (mechanical), coupled t o  

a downhole wireline geophone. 

This sonic-velocity survey will be performed 

The Vibroseis system will also be used to obtain 
very precise sonic travel-time data (both P-wave and 
S-wave velocities) for each of the surface-mounted 
geophone stations to be used to monitor the planned 
large-scale hydraulic fracture at the bottom of CT-2. 

After the exact locations for this close-in array 

*In addition, the strike and dip of the Precambrian 
surface underlying the Penton Hill Site will be 
accurately determined from the depth-to-basement 
measurements obtained from the gamma logs from GT-2 
and the two subsequent energy-extraction holes (EE-1 
and EE-2). 
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have been selected, the truck-mounted sonic energy 
source will be sequentially located at each of the 
surface detection stations, with the downhole uire- 

line geophone located at the bottom Qf GT-2. 
this way very precise sonic travel-time data will be 
obtained from the bottom of GT-2 to each of the sur- 
face detection stations. 
velocity data and known ray paths, combined with 
double or triple detection redundancy, it will be 
possible to compute spatially-accurate foci for 
fracture-associated acoustic events. 

In 

Using these very precise 

6. Initial Hydrologic Studies. The purpose of 
this intial set of measurements is to determine the 
prefracturing permeability of the section of Precam- 
brian rock penetrated in GT-2. 
will be made using a single surface-actuated packer 
set at 150-m intervals up from the bottom of the 
hole, or at successively higher interfaces between 
rock types if this appears to be more promising. 

These experiments 

To measure the permeability of each successively 
longer interval of exposed basement rock, the pres- 
sure decay from surface pressurization levels of 30 
and 60 bars will be accurately recorded over a sig- 
nificant period of time. Initially, an instantaneous 
head injection test will be used; however, if the 
field results indicate that confirmation by another 
method is advisable, either a constant-head method 
or the recovery from an average-flow method will be 
used. The field-testing methods and mathematical 
analysis of the flow of fluids through fractured 
porous media are not at all routine as evidenced by 
the rather divergent papers on the subject. 
testing at two lwels of injection pressure should 
help to define the relationship of increased permea- 
bility with increased over-pressure. 

The 

7. Large Hydraulic Fracture Experiment. Prior 
to the beginning of the drilling phase for the plan- 
ned two-hole energy extraction experiment, a rather 
specific set of hydraulic-fracturing-related data 
must be obtained from GT-2. 
tained by creating with water a relatively large-- 
120- to 150-m radius--hydraulic fracture near the 
bottom of GT-2 using, if possible, a pump supplied 
by an oil-field service company. 
data and results that will be obtained from this 
experiment are as follows: 

These data will be ob- 

The significant 

Fracture orientation; 
9 Fracture-initiation pressure; 

The role of stress concentrations--at the well 
bore, at the bottom of the hole, and adjacent to 
packers--on fracture termination; 

Existence of a preferred direction of fracture 
extension; 

Fracture extension pressure as a function of 
volume; 

Fracture fluid leak-off rate; 
The pressure-volume relationship for the re- 

opened (repumped) fracture; 
The least compressive stress, S3. 
a. General Procedure. The "big" hydraulic 

fracture at the bottom of GT-2 will be produced in 
two stages: 
a fracture extension stage. 
flow impedance of the circulating fluid from the 
wellbore, a continuous fracture that emanates from 
the side of the bore in a vertical line is desirable. 
However, to prevent vertical flow discontinuities 
from offset or en echelon fracture zones withgn the 
extending fracture, a single point source for the 
fracture is w e n  more desirable.* In order to realize 
the advantages of both point and line sources, it is 
planned to initiate the fracture in a small (3 m) 
packed-off zone centered 15 m above the bottom of the 
hole using a very low flow rate. 
lower packer and relocating the upper packer 30 m 
above the bottom of the hole, this initial fracture 
will be gradually extended both upwards towards the 
relocated packer and downwards towards the bottom of 
the hole (as well as radially outwards). 
carefully controlled pumping rate, a single contin- 
uous vertical fracture should result over the bottom 
30 m of GT-2. 

a fracture intiation stage followed by 
To lessen the outward 

After removing the 

With a 

b. Detailed Procedure. For the intial 
stage two packers (seals) that are connected to the 
surface by a high pressure line (drill pipe), will 
be used to isolate a 3-m Interval of the wellbore 
centered 15 m above the bottom of the hole. This 
straddled interval will be pressurized with water 
from the surface using a commercial pump and a hydrau- 
lic pressure accumulator. 
below the packer assembly will be monitored by a 
bourdon gauge-clock recorder (Amerada bomb). 

*At least one (if not more) vertical flow disconti- 
nuities were produced in the "big" fracture of GT-1 
by flowing from a line source--in this case 40-m 
packed-off zone. 

The pressure in the zone 

The 

17 



pressure and flow to the sealed-off interval will be 

continuously monitored at the surface. 
events generated by this operation will be monitored 
by a downhole triaxial geophone (lowered on a wire 
line through the center of the drill pipe and seated 
just above the upper packer), and by the surface 
array of detection equipment. 

The pressure to initially "break down" the rock 
at the wellbore--that is, to initiate a vertical 
tensional fracture--will be determined at flow rates 
similar to those used in the GT-1 incremental frac- 

ture experiments: about 30 cc/sec (0.5 gpm). 
wellbore pressure at fracture intiation will be ob- 
tained using the technique first developed during 
the GT-1 fracturing experiments: to determine, at 

a constant pumping (flow) rate, the pressure level 
corresponding to the sudden decrease in the previous- 
ly constant rate of pressure increase with flow re- 
sulting from the compression of the column of fluid 
in the wellbore. 
value for =will signal the point at which the for- 
mation initially fractures and starts acceptingfluid. 

For the second stage of the big fracture experi- 

Acoustic 

The 

This drop in the analog-computed 
dP 

ment, a single packer will be located about 30 m 
above the bottom of the hole. The interval below 
this packer will be pressured in stages so as to 
extend the intial small fracture both upwards towards 
the mew packer position and downwards towards the 
bottom of the.hole. The pumping rate during this 
fracture extension operation will be approximately 
that used to form the initial small fracture. The 
hydraulic pressure and flow rate will be recorded 
during the growth of the fracture. 
component geophone will be used to infer the princi- 
pal direction of fracture growth. 

A downhole,three- 

When the fracture has been extended over the 
entire interval from the packer to the bottom of the 
hole, the pumping rate will be slowly increased as 
the 
mately 150 m. 
fracture should be several tens of bars below the 
fracture intiation pressure and, at a constant flow 
rate, should slowly decrease towards the value of 
the least compressive stress with increasing fracture 
volume. 

fracture is extended out to a radius of approxi- 
The pressure required to extend the 

Follawing the completion of pumping, the frac- 

ture will be shut in at the then existing fracture 
extension pressure. The fracture pressure which 

theoretically should decay to the value of the local 
least compressive stress if given sufficient time, 
will be recorded for a time approaching 24 hours. 
h e  post-fracturing permeability can then be con- 
trasted with the prefracture value. 

There are two available ways of monitoring the 
resulting fluid leakoff from this large pressurized 
crack after a given period of time. 

measure the volume of fluid required to reestablish 
the initial shut-in pressure. The second is to allow 
the crack to colla@se after a given period of time, 
and to measure the difference between the fluid 
pumped into the crack and the fluid recovered from 
it. 
concerning fracture stability and the influence of 
pore pressure (in a state of incipient tension rather 
than the usual compression); and the latter depends 
on the difference between two large numbers and is 
complicated by the presence of other possible fluid 
leakage paths (for example, packer or drill-pipe 
joint leakage). 

The first is to 

The former method requires several assumptions 

The fluid leakoff rate from the large fracture 
will be of great interest, and will be monitored for 
at least 24 hours following the end of pumping. When 
the 150-m-diam crack is allowed to collapse, the par- 

3 tial return of the 190 m 
which is expected to be used in forming this large 
fracture, will be measured. The water temperature 
will also be measured to determine the relative heat 
exchange of the system. 
water from the collapsing crack will be controlled 
by a throttling valve at the surface. 

(50 000 gal) of water, 

The return flow of the hot 

Following a series of fracture inflation and 
deflation experiments-and the associated fluid leak- 
off determinations--the fracture pattern at the well- 
bore will be "photographed" in a static, but pres- 
surized condition. 
by using a magnetically-oriented ball-actuated in- 
flatable impression packer hung below the pressure- 
sealing packer. 
on the soft rubber (or plastic) outer packer sleeve 
will give both the fracture orientation and its 
actual width. 

This "picture" will be obtained 

The resulting fracture impression 

The fracture orientation (azimuth) will be ob- 
tained by using a combination of the following tech- 
niques: surface acoustic detection, downholeacoustic 
detection, and an oriented impression packer survey. 
The potential location of hydraulic-fractureassociated 

Li 

4 
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events--using a close-in eurface array of acoustic 
sensors--possibly defining both the perimeter and 

the azimuth of the  fracture-has already been dis- 

cussed above. 

For t h i s  hydraulic fracture,  a locked-in, down- 
hole, three-component geophone w i l l  a l so  be used. 
The two horizontal instruments should provide the 

azimuthal orientation of f rac ture  events and,coupled 

with the vertical component, should also provide the 
ve r t i ca l  location of events (Le. e i ther  above or  

below the packer position). 

However, because of the  delay i n  ordering the 
22-conductor cable, additional downhole instrumen- 
tation-such as a sens i t ive  acoustic AP transducer 

- - w i l l  not be available, possibily precluding the 
determination of f rac ture  radius during t h i s  experi- 

ment. 

Because of the importance of knowing the frac- 
tu re  orientation before locating the exact d r i l l i n g  

sites f o r  EE-1 and EE-2, it w i l l  be necessary to  

develop a high-temperature (up to  20OoC) inf la tab le  
impression packer, as a posit ive backup t o  the more 

speculative acoustic methods of determining fracture 

orientation. This too l  w i l l  be used t o  determine 
-at least i n  the  wellbore-the azimuth of the hy- 
draulic f rac ture  formed a t  the bottom of GT-2. 

8.  Related Geouhysical Measurements. During 
the formation of the  big hydraulic f rac ture  a t  the 

bottom of GT-2, three surface-monitored geophysical 
experiments are planned i f  time and manpower permit. 

These experiments are related t o  changes i n  the 
earth 's  stress f i e l d  result ing from the formation 
of ' t h i s  large fracture. 

In  the f i r s t  of these experiments, an orthogonal 
array of surface electrodes w i l l  be used to monitor 
the changes i n  the e l ec t r i c  potential  occurring a t  
the surface during fracturing. It is hoped that 

these measurements--using one pa i r  of electrodes 

para l le l  to,  and the  other pa i r  across the expected 

fracture direction--will delineate the piezoelectric 

potential  f i e ld  generated by the stress f i e ld  devel- 
oped by pressurization during the hydraulic fractur- 
ing experiment. During the  hydraulic pressurization 
of the wellbore prior t o  fracture in i t i a t ion ,  t h i s  

increasing piezoelectric potential  should drop sud- 

denly when the rock fractures and the induced stress 
f i e ld  is relieved. 

I n  the second of these experiments, any dis- 

placement of the earth's surface result ing from the 

latge-scale hydraulic fracturing experiment w i l l  be 

measured with a three-component array of d i rec t iona l  

tiltmeters surrounding GT-2. 
located i n  a quiet area some distance from GT-2, w i l l  
be used fo r  a background determination. These tilt- 

meters are to have a sens i t iv i ty  of lom6 radian. The 

primary purpose of these measurements is t o  record 

any earth tilts associated with the  big hydraulic 
fracture, both as a possible means of determining 

fracture orientation and fo r  use i n  environmental 

studies. 

A fourth t i l tmeter,  

I n  addition, these t i l tmeters w i l l  be used to 

monitor changes i n  the  configuration of the  earth 's  
surface caused by transient stress waves withperiods 

of from to  10 seconds, caused by microearth- 
quakes, ear th  t ides,  o r  premonitory earthquake stress 

accumulations. From recently published studies, it 

appears that one method of predicting earthquakes is 
by monitoring various anomalous phenomena such as 
tilts of the ground surface and the ground water 
(phreatic) surface, and increases i n  the radon l eve l  
caused by the rapid change i n  the loca l  stress f i e l d  

that occurs j u s t  before an earthquake. 

6 

The radon leve l  w i l l  be monitored by sampling 

the air from a shallow borehole near the d r i l l  s i te 
as the third experiment. Increased microfracturing 

result ing from increased stress leve ls  exposes more 

area for  the release of radon. 

8. Subsequent Hydraulic Fracturing Experiments i n  

GT-2 
1. Objective and Scope. The primary objective 
- 

of t h i s  series of experiments is t o  investigate i n  
d e t a i l  the variation, i n  both magnitude and direction, 
of the minimum compressive earth stress (S3) with 

depth. 

instrumentation capable of characterizing hydraulic 
fractures,  with regard t o  both geometry and orien- 

tation. 

An adjunct t o  t h i s  primary objective w i l l  be 
t of various downhole techniques and 

The secondary objective for  t h i s  series of 
experiments is an investigation of methods of meas- 
uring and possibly controlling the direction of crack 

propagation. 

w i l l  be an investigation of the s t ab i l i t y ,  while 

pressurized, of the la rge  hydraulic f rac ture  previ- 

ously formed a t  the bottom of GT-2. 

Associated with t h i s  fracture study 

For these studies 
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a knowledge of the variation of Sg with depth will 
be essential. In addition, the development of in- 
strumentation techniques for defining the radius 
vector for the discrete acoustic (tensional-cracking) 
wents associated with the developing fracture system 
will be needed. 

2. Incremental Small-Scale Fracture Experiments. 
In order to measure the variation in Sg with depth, a 
series of 10 to 20 small-scale hydraulic fracturing 
experiments will be performed in the openhole section 
of basement rock penetrated in GT-2. In each of these 
experiments, a short 3-m interval of the wellbore 
will be isolated between packers (pressure seals), 
and pressurized through a high-pressure line (drill 

pipe) extending from the surface. The upper packer 
of the straddle packer assembly will contain a "pol- 
ished bore receptacle" to permit the landing and 
seating of a downhole instrumentation and control 
package. 

In order to keep the test location as quiet as 
possible during these muall-scale fracturing experi- 
ments, all motorized suriace equipment will be turned 
off with electrical power being supplied from a near- 
by power line. 
rious sonic signals down the long pressure line, a 
hydraulic accumulator (rather than a pump) will be 
used to supply the pressurizing water flow through 
a surface flow-control system. 

To minimize the transmission of spu- 

The downhole instrumentation and control package 
will include the following. 

a. Three-component geophone (two horizontal 
and one vertical); magnetically oriented. 

b. Wide-range (0-7500 psia) pressure 
transducer. 

C. Ball release system (to actuate the 
integral impression packer). 

d. Water sampler for geochemical studies. 
The close-in acoustic signals recorded by the 

downhole magnetically-oriented geophone array will 
be used in studies which may lead to a method of 
determining the fracture orientation, and also pos- 
sibly the vertical extent of the fracture. 

An inflatable impression packer, located between 
the two straddle packers and an integral part of the 
experimental packer assembly, will be used to take 
an oriented impression of the pressurized fracture 
at the end of each fracture experiment. This packer 

impression will show not o d y  the fracture orienta- 
tion (azimuth) at the wellbore, but also the fracture 
width in a static, but pressurized, condition. These 
impression packer measurements will be needed in as- 
sessing the results of the acoustic fracture-orien- 
tation experiments. 

From the difference in the time of arrival of 
the sonic signals transmitted through the rock (re- 
corded by the three-component geophone) and through 
the water, the distance to discrete fracture events 
may possibly be resolved. 
engineering development work will be needed in this 
area.) 

(Obviously considerable 

The measured pressure decay of the isolated, 
pressurized fracture will give a direct measure of 
the local least compressive stress, S3(z). 
addition, this information will be useful in evalu- 
ating the fluid leakoff from discrete small-scale 
fractures, and for an assessment of the in situ rock 
permeability in an almost-neutral state of stress. 

In 

. Based on the information derived from the con- 
tinuous coring, it may be possible to utilize various 
rates of pressurization to fracture rock of similar 
type or strength, while determining the variation of 
S3 with depth. The more rapid the rate of pressuri- 
zation, the more nearly the fluid approaches the 
condition promulgated for a "nonpenetrating fluid." 
A nonpenetrating fluid theoretically does not raise 
the pore pressure and thus does not reduce the ap- 
parent strength of the rock. The relatively low per- 
meability of the basement rocks found in GT-1, if 
generally pervasive, should complement the conditions 
that occur when a nonpenetrating fluid is used. It 
has been suggested that the rate-of-strain increase 
used in some commercial fracturing operations ap- 
proaches impact loading, thus giving a high apparent 
material strength. The establishment of a family of 
loading curves would be of considerable engineering 
and scientific value. 
C. Repumping the "Big" Hydraulic Fracture 

The "big" hydraulic fracture 'prwiously formed 

at the bottom of GT-2 will be repumped to its 
original volume with the same packer location. How- 
ever, for this experiment, the downhole instrumenta- 
tion and control package will be used to monitor the 
fracture events. During this experiment, the close- 
in surface geophone array will be again used in 
studying fracture-associated sonic events. 

L; 
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The f rac ture  will then be extended beyond its 
previous s i ze  (volume) by supplying (1) a constant 
flow from a re la t ive ly  quiet  electrically-driven 

hydraulic accumulator. 

c-/ 
- piston pump, o r  (2) flow impulses from a 30-gallon 

The continuing extension of t h i s  fracture system 

will then be studied using the davnhole fracture- 

location techniques developed during the previous 

small-scale incremental fracturing experiments, in 
conjunction with fracture-related acoustic event foc i  

determined from the surface geophone array. 

par t  of t h i s  study, the "big" f racture  w i l l  be shut 
i n  under various conditions and acoustically monitor- 

ed to  determine whether there is a tendency, while 

in a "static" but pressurized condition, for  the 

fracture  t o  spontaneously extend in a preferred 

direction. 

As a 
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