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MAN-MADE GEOTHERMAL RESERVOIRS 

Morton C. Smith 
R. Lee Aamodt 
Robert M. Potter 
Donald W. Brown 

ABS TRACT 

Many drilled holes encounteir rock at usefully high temperatures 

but produce little or no natura:L steam or hot water. 

contents of these ”dry” geothermal reservoirs is enormous and, if 

means can be found to extract and use it economically, it can con- 

tribute significantly to satisfying the world’s energy needs. 

The energy 

One way to accomplish this is to inject water into the hot 

rock through one hole, permit it to circulate through natural or 

man-made flow passages, and recover it as steam or hot water through 

another hole. 

water loss  if natural permeability is high or, if it is low, of 

creating openings for fluid circulation and enough surface to 

permit extraction of heat at a useful rate for a usefully long 

The major problems are those of avoiding excessive 

time. 

The possibilities, problems, and engineering requirements of 

- 4 
such man-made geothermal systems are now being investigated in 

- 
J - - the hot granites underlying the Jemez Plateau of northern New - 
J 

J 

Mexico. These contain many natural fractures which, however, at 

most horizons are well sealed so that -- in situ permeabilities are 

generally low. Hydraulic fracturing--a promising method of 



creating flow channels and new surface--has been accomplished at 

pumping pressures less than 175 bars at 760 m (rock temperature 

100°C), at 2 0 4 0  m (rock temperature 146OC),  and at 2920 m (rock 

temperature 197OC). The fractures produced have been essentially 

vertical and rate of water loss from them has been low. 

Additional experiments are now in progress at 2920 m and 

drilling has begun on the first of two holes expected to reach 

depths of about 3810 m and rock temperatures of about 250°C. These 

will be connected at depth through a large hydraulic fracture to 

produce a circulation loop for geothermal energy extraction. 
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INTRODUCTION 

It has been demonstrated in many places in the world that 

geothermal temperatures as low as 80°C are economically useful 

for space heating and many other purposes, and in a much smaller 

number of places that 18OOC is ii sufficient temperature for eco- 

nomical generation of electricity. If the mean temperature at 

the earth's surface is 10°C and a "normal" geothermal gradient of 

25OC/km exists, a "useful" temperature of 8OoC should normally 

be encountered at a depth of about 2.8 km, and the relatively 

high geothermal temperature of 18OOC at about 6.8 km. These are 

depths that are now reached more or less routinely in the petro- 

leum and natural gas industries using conventional drilling 

equipment and procedures. Evidently, geothermal heat at usefully 

high temperatures is now accessible to man from most points on 

the earth's surface, and the energy supply which it represents 



is enormous. The problems of extracting and using it are simply 

those of engineering and economics. 

Where a natural hydrothermal system can be found which contains 

steam or hot water at a usefully high temperature, the engineering 

problem of extracting energy from the earth is relatively simple. 

Wells are drilled into the reservoir and heat is brought to the 

surface in the natural or pumped flow of steam or hot water. 

Unfortunately the combination of high rock temperature, adequate 

permeability, low reservoir pressure, and a sufficient water supply, 

all of which are required to maintain a "vapor-dominated" geother- 

mal system, is rare in nature; and productive natural steam fields 

are correspondingly uncommon. "Liquid-dominated" systems, in 

which the fluid pressure in the reservoir is sufficient to prevent 

boiling, are much more common, although the frequency of their 

occurrence diminishes with increasing temperature. In general, 

the higher the temperature of a geothermal water the more mineral 

it will have dissolved during its residence in the geothermal 

reservoir. Particularly if the reservoir rock contains highly 

soluble minerals (as, for example, do the evaporites of California's 
I Imperial Valley), the hotter geothermal waters are usually so saline I 

that they are extremely corrosive to drilling tools, production 

piping, and surface plumbing. They are also generally trouble- 

some with regard to plugging and scaling by minerals deposited 
r' 

as their temperatures and pressures are reduced,whether in the 

reservoir, in the production string, or at the surface. Commer- 

cial utilization of heat from liquid-dominated reservoirs has 
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been handicapped in many places by the geochemical problems asso- 

ciated with both the production and the use of the highly mineral- 

ized waters which they normally contain. 

Many "dry" holes--not productive of useful amounts of any 

reservoir fluid--have been drilled in exploring for petroleum, 

natural gas, and geothermal energy, and for other purposes. Often 

these have penetrated rock at commercially useful temperatures. 

Obviously, and as would be expected, geothermal heat is present 

and accessible even when geothermal fluids are almost or entirely 

absent. If means can be found to extract and use such heat eco- 

nomically, it is sufficiently abundant and broadly distributed 

so that it can contribute significantly to the world's energy 

supply. Further, since it already exists as heat, it should in 

general be possible to produce and use it in environmentally 

acceptable ways. 

HEAT EXTRACTION FROM DRY GEOTHERMAL RESERVOIRS 

A variety of methods can be suggested for penetrating "dry" 

geothermal reservoirs and recovering heat from them. Certainly 

the simplest and probably the most economical of these is to 

imitate 

nature has failed to provide it, permitting it to circulate until 

it has been heated to a usefully high temperature, and then 

recovering it as either steam or hot water. Where the permea- 

bility of the hot rock is high, the problems of circulating and 

heating the water are minimal but those of containing and 

nature by introducing water into the hot rock where 

J 

- 

J 
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recovering it are difficult. Efficient heat-extraction systems 

are probably possible using water-flooding and reservoir-manage- 

ment techniques similar to those developed for secondary recovery 

of petroleum. This however, unless the geologic structure is 

very unusual, requires drilling an array of holes in which injec- 

tion wells are surrounded by recovery wells and vice versa, and 

developing effective hydraulic control at the perimeter of the 

field to minimize fluid loss  to the permeable formations around 

it. 

producing very large amounts of energy by sweeping the natural 

heat efficiently from large masses of permeable rock. 

Very large man-made systems of this type should be possible, 

Small 

water-flooding systems, however, are likely to be inefficient 

with regard to recovery both of the water injected into the reser- 

voir and of the heat which it extracts from the rock. They are 

likely to be used only where water is plentiful and the accessible 

geothermal reservoir is so large that efficiency in the recovery 

of heat is unimportant. 

.Where permeability of the dry hot rock is low, the problems 

of containing and recovering the injected water are replaced by 

those of creating flow passages through which it can circulate 

, 
i 

freely and sufficient heat-transfer surface so that usefully 

large rates of heat extraction can be maintained for economically 

long periods of time. 
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THE LASL GEOTHERMAL ENERGY PROJECT 

Under sponsorship of the Division of Geothermal Research of 

ERDA, the U. S .  Energy Research and Development Administration, 

Los  Alamos Scientific Laboratory (LASL) of the University of 

California is investigating the possibilities and problems of 

extracting energy from "dry" hot rock in the earth's crust. To 

minimize both the fluid-containment and recovery problems and 

also those associated with dissolution and reprecipitation of 

minerals, LASL is investigating first the development of man-made 

geothermal systems in the hot, relatively impermeable granitic 

rocks which, at moderate depth, underly the Southern Rocky Mountains 

in northern New Mexico. It is hoped that the technology developed 

there will be useful wherever low-permeability rock at usefully 

high temperatures can be reached economically from the earth's 

surface. And it is intended that, when systems that are economi- 

cally useful in this environment have been developed and demon- 

strated, modifications of them will be investigated that may be 

useful i n  other geologic s i t u a t i o n s  elsewhere--at higher  and lower 

temperatures, greater and shallower depths, in other types of 

rock, where permeabilities are greater, and in more complex geo- 

logic settings. 
- 
r To create a fluid circulation system for successful energy 

1 extraction from hot rock having initially low permeability, it 
I 

is necessary to produce continuous flow passages between the 

injection and recovery holes with reasonably low impedance to 

fluid flow and large surface area for heat transfer from the 
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rock to the fluid. There are several obvious ways in which this 

might be accomplished, including chemical leaching, fragmentation 

by explosives, and hydraulic fracturing, and probably all of these 

should eventually be tried. It has been decided, however, that 

the first major LASL experiments should be with hydraulic fractur- 

ing, on the basis of its apparent environmental acceptability, 

probable economy, and familiarity as a common method of well 

stimulation in petroleum and natural gas fields. Because there 

was little experience in the hydraulic fracturing of crystalline 

rocks and apparently none at all in hot granitic rocks, many 

advisers to the LASL project expressed grave doubts that this was 

a feasible approach to creating the proposed energy extraction 

system. 

been on investigations of the production and behavior of hydrau- 

Accordingly, much of the project emphasis has so far 

lic fractures in hot granitic rocks. 

To avoid the problems associated with two-phase fluid flow 

and with mineral precipitation where boiling occurs, and to 

maximize the rate of energy transport up the recovery well, it 

is desirable to operate the proposed circulation system with a 

condensed phase throughout--i.e., with liquid water instead of 

steam or a mixture of the two. This requires pressurization 

throughout the system sufficient to prevent boiling. Computer 
> 
I modelling of fluid flow and heat transfer within the hydraulic 

fracture (McFarland, 1975) had demonstrated the desirability of 

holding the fracture open with fluid pressure alone--without the 

use of particulate proppants--if this can be done without excessive 
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fluid loss or uncontrolled extension of the fracture. Again many 

advisers to the LASL project have been convinced that this will 

prove impractical because of high rates of fluid loss into natural 

joints and fractures in the rock or because of inherent instabil- 

ity of a large inflated crack. Accordingly, much project attention 

has also been given to initial permeability of the hot granite at 

depth, to its stress and pore-pressure environment, and to its 

behavior with regard to inflation, .deflation, extension, and return 

of the contained fluid when it is permitted to collapse. 

To this point, no attempt has been made to produce the pressur- 

ized-water circulation loop with which continuous energy extraction 

will eventually be accomplished. Project activity has been directed 

entirely toward acquiring the background information required to 

understand and design such a system and toward developing the tech- 

nology required to create it. 

Site Selection 

The Valles Caldera in north-central New Mexico formed several 

million years ago on the western edge of the Rio Grande rift. 

Caldera collapse was followed by deposition of sediments, resurg- 

ence, extrusion of a series of rhyolite domes along the ring 

fault bounding the caldera, and most recently--about 50,000 to 

2 . 100,000 years ago--by a pumice and a vitrophyre flow at the 
- 
i 

southwestern edge of the caldera (Purtymun, 1974). Because of 

this geologically recent volcanism, the generally high terrestrial 

heat flow along the western edge of the rift valley is enhanced 

locally, and relatively high geothermal temperatures are encoun- 

tered at moderate depths. 
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As might be expected from its history of collapse, caving, 

sedimentation, resurgence, periodic volcanism, and repeated 

faulting, the geologic structure within the caldera is exceed- 

ingly complex and, at least locally, is highly permeable to 

ground-water circulation. 

liquid-dominated geothermal reservoir discovered in the south- 

western part of the caldera are now being investigated by a 

The commercial possibilities of a 

major energy company. 

Outside the caldera the geology is much less disturbed than 

within it, the depth to the basement granite is moderate, and 

heat flow is still relatively high. In 1971 seven shallow temp- 

erature-measurement holes were drilled by LASL in the National 

Forest east, south, and west of the caldera rim (Fig. 1). Geother- 

mal gradients in the surface volcanics were found to increase 

along the counterclockwise path from east to west around the 

outer caldera rim. Accordingly, in 1972, four deeper heat-flow 

holes were drilled west of the caldera to depths of 150 to 230 m. 

These penetrated the Cenozoic volcanics and entered the Permian 

sediments. Measured heat flows about 3 km west of the ring-fault 

structure were 5 to 6 HFU (pcal/cm2-sec), increasing slightly 

from south to north, and decreasing rapidly with increasing 

radial distance to 2.2 HFU at a point 7 km west of the ring fault 

(Albright, 1974). Two deep exploratory holes have since been 

drilled in the area: GT-1, completed in 1972 at a depth of 785 m 

and GT-2, completed in 1974 at a depth of 2928 m. 
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Fig. 1. Generalized geologic map of the Jemez Mountains Region 
showing locations of shallow temperature-measurement 
holes (small circles), intermediate-depth heat-flow 
holes (large circules), and deep exploratory holes 
(squares) (Smith, 1974). 
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In 1973, a detailed study was completed of the existing faults 

and the earthquake history of the area of experimental interest 

west of the caldera (Slemmons, 1975). No large or active faults 

were found within several kilometers of the locations of GT-1 and 

GT-2, and there was no record of any earthquake centered in the 

area. It was concluded that the risk was very small that signifi- 

cant seismic activity could be triggered by hydraulic-fracturing 

and fluid-injection experiments t.here, or by the subsequent develop- 

ment of an experimental energy extraction system. 

Because of its accessibility and inherent geologic interest, 

the region of the Valles Caldera has been studied intensively for 

many years by the U. S. Geological Survey, the New Mexico Bureau 

of Mines and Mineral Resources, the University of New Mexico, New 

Mexico Institute of Mining and Technology, and many other organi- 

zations and individuals. As a result, a great deal of geological, 

geophysical, and hydrologic information is available concerning 

the area, most recently from hydrologic studies by the U. S. 

Geological Survey (Trainer, 1 9 7 4 ) ,  f r o m  deep e lectr ical  resis- 

tivity studies by the University of New Mexico and LASL (Jiracek 

and Kintzinger, 1974), and f r o m  seismic and microseismic investi- 

gations and monitoring by LASL (Kintzinger, 1974; Newton, 1974). 

J 

, 

The general geology,hydrology, and fault structure of the region 

west of the caldera is now reasonably well understood. Unexplained 

magnetic and resistivity highs and lows have been mapped. Depth 

to the Precambrian surface has been estimated, and it has been 

established that at some distance below this surface the resis- 

tivity of the Precambrian granitic rocks becomes high. In fact, 
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however, no convincing criterion other than actually drilling deep 

exploratory holes has yet been established for predicting whether 

or not dry hot rock will be encountered in a particular area at a 

drillable depth. Locations of the two deep exploratory holes so 

far drilled for this project were selected on the bases of the 

general geology and volcanic history of the region; the absence 

of nearby faults or earthquake activity; geothermal gradients 

measured in shallow holes; heat flows measured in somewhat deeper 

ones; availability of the land for experimental use; environmental 

considerations; accessibility with regard to transportation, 

communications and electrical power; and, in the case of the second 

exploratory hole, the very encouraging results of experiments con- 

ducted in the first one. 

Drilling, Stratigraphy, and Core Studies 

Exploratory hole GT-1 was drilled in Barley Canyon about 3 km 

west of the ring fault representing the western geologic boundary 

of the Valles Caldera, It penetrated 4 9  m of surface tuffs, 277 m 

of Permian sediments, 315 m of Pennsylvanian limestones and shales, 

and reached the Precambrian surface at 641 m depth. It was then 

extended 143 m into the crystalline Precambrian basement rock, 

encountering chiefly gneissic granodiorites, granites, and amphibo- 

lites (Purtymun, 1974). It was lined with 12.7-cm-diam casing to 

a depth of 732 m, leaving 53 m of uncased granitic rock exposed 

at the bottom of the hole for experiments. 

Exploratory hole GT-2 was drilled on Fenton Hill, a flat- 

topped mesa, about 2.5 km south of GT-1 and also about 3 km west 
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of the ring fault bounding the caldera. It Grs 
volcanics, 238 m of Permian 'Ired beds," 355 

penetrated 137 m of 

m of Pennsylvanian 

rocks, and reached the Precambrian surface at 733 m depth. It 

has since been extended in stages to a final depth of 2928 m, 

through gneissic granodiorites, granites, amphibolites, monzonites, 

quartz monzonites, gneisses and schists (Purtymun, 1974). The 

final 1000 m or so of the hole was drilled through a relatively 

uniform, substantially equiaxed, gray quartz monzonite containing 

well-developed biotite flakes. The hole was cased at 0.27 m 

diam to a depth of 773 m, about 43 m into the granitic basement 

rock, and was left uncased below that depth. However, a 0.178-m- 

diam steel liner was temporarily installed in the depth interval 

1917 to 1981 m to facilitate experiments at and just below those 

depths. It has since been removed and a similar liner cemented 

in place in the interval 2731 to 2917 m for the same general 

purpose. 

Cores were taken at intervals throughout the Precambrian 

sections of both exploratory holes and are being used for petro- 

graphic studies, geochemical investigations, property measurements, 

geochronology and geothermometry. In general the cores have 

shown several families of natural fractures which, however, at 

- most horizons, have been tightly filled with calcite, quartz, 
,- 

J 
__ 
- - - muscovite, epidote, and occasional clays (Laughlin, 1974). In 

, one interval in GT-2, around 1100 m depth, a region of unsealed, 
I 

J - 

water-filled fractures was encountered. Elsewhere the natural 

fractures have been well sealed, and there appears to be a 
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tendency for them to become less frequent and more tightly closed 

as the Precambrian column is descended. 

Permeabilities 

Permeabilities of the exposed crystalline basement rock in the 

uncased bottom section of GT-1 were measured at several levels of 

pressure from 13 to 177 bars above surface hydrostatic. With in- 

creasing pressure they ranged from 5 x to 6 x 10-3darcy, 

increasing by a factor of 10 for each pressure increase of about 

4 0  bars (West, 1974). However, this pressure dependence of permea- 

bility has not been observed in GT-2. 

In GT-2, permeabilities measured in the Precambrian section by 

drill-stem testing have ranged from 4 x to darcy (West, 

1974). Permeabilities of freshly exposed fracture surfaces in the 

uncased region around 2820  m depth appear to be near the lower 

limit of this range. No satisfactory measurements have so far 

been made in the region of unsealed fractures around 1100 m, where 

a somewhat higher permeability is expected. It is of interest, 

however, that since the hole was completed the mean permeability 

of the uncased Precambrian section between the bottom of the cas- 

ing and the top of the liner--which includes this region of unsealed 

fractures--has diminished steadily to-a present value of less than 

lo-’ darcy. This is apparently a result of plugging of the initial 

porosity either by mineral alteration or by fine particles of drill 

cuttings or alteration products suspended in the water filling the 

hole. 

Except perhaps in the zone around 1100 m, the permeabilities 

measured in the granitic rocks in both exploratory holes have 
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consistently been in the range generally considered to represent 

''dry'' or "impermeable" rock. At least at-, depths below about 1200 m, 

the crystalline rocks underlying the experimental area appear com- 

petent to contain pressurized water with acceptably low leakoff 

rates. As is described below, this is true even of fresh fracture 

surfaces which expose relatively large granitic sections extending 

outward from the borehole. 

Temperature Gradients and Heat Flow 

The bottomhole temperature in GT-1 is 100.4°C at a depth of 

With considerable uncertainty because of the relatively 785 m. 

short section of uncased granite exposed, the geothermal gradient 

in the crystalline basement rock is estimated to be about 5OoC/km. 

Special apparatus and techniques were developed for measure- 

ment of bottomhole temperature in GT-2 during interruptions in 

drilling, over periods of time long enough to permit confident 

extrapolation to an equilibrium rock temperature (Albright, 1975). 

Temperatures so determined are plotted as a function of depth in 

Fig. 2. Temperatures in the water-filled hole appear, since 

drilling has been terminated, to be slowly approaching the values 

indicated by this curve. 

From temperature measurements in intermediate-depth holes and 

thermal-conductivity measurements on cores from those holes ,  it 

was estimated that terrestrial heat flow at the Fenton Hill site 

was 5 to 6 HFU. This was verified in the sedimentary section 

penetrated by GT-2 and--with an assumed value for the thermal 

conductivity of granite--was used to predict that a rock temperature 
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Fig. 2. Geothermal temperatures and temperature gradients in 
GT-2 (Albright, 1975). 
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of 20OoC would be reached at a depth of about 1.5 km. In fact, 

however, heat flow in the Precambrian section of GT-2 is only 

about 3 to 4 HFU, and it was necessary to drill to a depth of 

about 3 km in order to reach a temperature approaching 200OC. 

It appears that there is a horizontal flow of warm water near the 

Precambrian surface, perhaps through the cavernous Pennsylvanian 

limestone encountered just above it, and that this has augmented 

heat flow through the overlying sediments and volcanics. In any 

case, the geothermal gradient in the upper part of the Precambrian 

section is only about 5OoC/km. This increases to about 6OoC/km 

at greater depth, presumably because of changes in rock type and 

a reduction in the thermal conductivity of granite that results 

from an increase in its temperature. 

- 
c 

J - 
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Logging 

Standard geophysical logs have been run repeatedly in both 

GT-1 and GT-2. Of these, the caliper logs .have been particularly 

useful in selecting relatively smooth sections of hole in which 

open-hole packers could be set successfully f o r  hydrologic studies; 

the spectral-gamma log in mapping changes in lithology; and the 

sonic-velocity logs in locating zones containing unsealed fractures. 

Except perhaps in the more mafic rocks, density logs have been 

found to correlate well with densities measured in the laboratory 

on core samples, and elastic properties deduced from sonic-velocity 

logs have agreed well with laboratory measurements made on core 

samples. 
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Much of the commercial logging equipment has given trouble as 

downhole temperatures approached 15OoC, and most of it has been 

unreliable at temperatures approaching 200OC. 

Hydraulic Fracturing, Crack Extension, and Earth Stress 

Hydraulic fractures were produced in the uncased bottom section 

Of GT-1 at pumping pressures (measured at the surface) of about 100 

to about 150 bars. Only a few sharp "breakdowns" were observed, 

suggesting that the initial fracturing event at the borehole wall 

was usually the reopening of a natural' fracture sealed with a 

relatively weak mineral such as calcite. Fracturing pressure 

increased with the apparent competency of the rock as indicated 

by cores and downhole logs, and also with the pumping rate used 

to fracture. As would be expected, the pressure required to 

extend a crack was found to decrease steadily as the crack radius 

increased. Even after extensive fracturing, permeability of the 

uncased Precambrian section exposed in GT-1 remained very low. 

When GT-2 had been drilled to a depth of 1937 m, drilling was 

interrupted for a series of successful hydrologic measurements and 

largely unsuccessful hydraulic-fracturing attempts. The hole was 

sufficiently oversize and its wall sufficiently rough so that 

commercial open-hole rubber packers did not seal successfully 

I against the fluid pressures required for fracturing. Therefore the 

- hole was deepened, eventually to 2042 m, to expose "fresh" rock, 
- 
J 

L 

I 

and a steel liner 64 m long was cemented in place about 60 m 

above the bottom of the hole. Commercial casing packers were set 

successfully within this liner, and a long series of experiments 

i 
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was completed In the uncased hole below it. The liner was then 

perforated about 40 m above its lower end, and additional experi- 

ments were conducted through the perforations. 

When the uncased section of hole below the liner was first 

pressurized, it began to accept fluid at a pumping (surface) pres- 

sure of about 150 bars. With continued injection of water at a 

constant rate of 454 liters/min, the pumping pressure increased 

to a maximum of 172 bars and, with no indication of a formation 

breakdown, leveled off at that value. This behavior suggests 

that a pre-existing natural fracture began to open at a downhole 

pressure of approximately 340  bars. Subsequent pressurizations 

at a variety of f l o w  rates and repeated observations of the decay 

of shut-in pressure have confirmed that the least principal earth 

stress at this depth is in the range 330 to 340 bars. 

Spinner surveys, used to measure fluid velocity as a function 

of position in the hole during subsequent repumping operations, 

indicated the existence of two closely-spaced parallel fractures 

in t h e  borehole  wall, one in t h e  depth  interval 1989  to 1993 m 

and the other in the interval 1998 to 2002 m. As shown by later 

impression-packer results, both fractures were vertical within 

1 degree and were oriented N35OE+5O. - 

by about 67 cm because in this section the borehole is inclined 

They were offset horizontally 

4.5 degrees from the vertical, and, from their behavior during 

pressurization and depressurization experiments, it is speculated 

that they join in a single fracture not far from the borehole wall. 
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Twenty pumping experiments were performed on this fracture 

system with progressively increasing quantities of injected water, 
u 

and the volumes of fluid returned were measured as the crack was 

permitted to deflate. The largest volume of water injected was 

136,000 liters. When the system was vented, return of fluid from 

the unpropped fracture was relatively slow and the fraction of the 

injected fluid returned depended on the shut-in time before venting 

--but was as high as 8 4 % .  After the fracture was propped with 4300 

kg of sand, fluid return was much more rapid and returns as high as 

92% were observed. 

Permeability measurements in the fracture were somewhat uncer- 

tain because of uncertainties concerning its actual area. If h 

is permeability and A is the total area of both surfaces of the 

fracture, a value of //?A = 19 cm was deduced from the rate of 

pressure rise when fluid was injected at a constant rate of 132 

liters/min. Using an area calculated from the assumption that 

3 

the sand proppant formed a monolayer, the calculated permeability 

is 6 microdarcys. However, the fluid-return behavior of the sys- 

tem during fracture deflation indicated that the fracture was to 

some degree self-propping. This suggests relatively rough frac- 

ture surfaces, an actual area larger than that assumed above, and 

a true permeability significantly less than 6 microdarcys. 
I 

J - The cemented-in liner above this uncased region was perforated 

with eighty 1-cm-dim holes in the region from 1941 to 1945 m. A 

commercial bridge packer was set to straddle the perforated zone, 

with a clock-driven pressure gauge suspended below the lower 
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packer to record pressure continuously in the uncased region below u 
the liner. When the perforated zone between the packers was pres- 

surized at a flow rate of 477 liters/min, a hydraulic fracture was 

initiated at a pumping (surface) pressure of 275 bars. With some 

shut ins and flow reductions, the fracture was extended by injec- 

ting a total of 11,000 liters of water in a period of 4 2  minutes. 

A leak rate of 4 liters/min was observed past the upper packer into 

the annulus around the pressurizing.1ine. Subsequent examination 

of the pressure record from the bottom of the hole indicated that 

there was no significant leakage past the lower packer, 

When this fracture was initiated through the perforated liner, 

a small pressure rise--corresponding to injection of about 1 liter 

of additional fluid--occurred in the uncased section of hole below 

the lower liner. Since the fracture produced in the uncased sec- 

tion was vertical and had a calculated radius of 200 m, it should 

have extended to some level above that of the perforations through 

which the second fracture was produced. If the second fracture 

was also vertical it should, because of the inclination of the 

borehole, have been separated from the first fracture by a hori- 

zontal distance of 3 . 8  m. The observed communication between the 

two fractures could be explained if they were separated by a slab 

of rock having a permeability of about 50 microdarcys and a uni- 

form thickness of 3 . 8  m. Evidently the fractures did not inter- 

sect and were not directly connected through any open natural 

fractures. 
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The cemented-in liner in this part of the hole was removed, 

the hole deepened to 2928 m, and a similar liner cemented in place 

in the interval 2 7 3 1  to 2917 m. Approximately 30 individual pump- 

ing experiments have now been completed in the 11-m-deep section 

of uncased hole below this liner. A single hydraulic fracture 

w a s  produced there at a pumping (surface) pressure of about 1 2 0  

bars. It has since been extended in stages to an apparent volume 

of 5700  liters and a calculated radius of 5 7  m, Total permeation 

l o s s  during growth of this fracture is estimated to have been 

3800 liters. The permeability of the freshly fractured rock is 

estimated to be about 0.3 microdarcy, which is consistent with a 

value of 0.15 microdarcy given by Brace (1968)  for Westerly granite 

at similar stress levels. No measurement of the initial pore pres- 

sure was made at this depth. However an increase of 6 2  bars in 

pore pressure adjacent to the fracture increased the fracture- 

extension pressure (measured at the surface) from 103 bars to 109 

bars. Fluid recoveries substantially greater than 80% have been 

recorded from deflation of unpropped fractures with volumes of 

2000 to 6000 liters. 

These experiments have yielded measured values of the least 

principal earth stress of 355 to 375 bars at a depth of about 

- 2920  m, obtained from the analysis of both pressure vs total flow 
, 

curves and shut-in pressure vs time curves. These values are 

lower than those which would be predicted from the measurements 

noted above, which were made at about 2040 m depth in the same 

hole, and may indicate some relaxation of tectonic stress at 
l \  

(d greater depth. 
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CONCLUSIONS 

A great deal of additional analysis will be required before 

the results already obtained in exploratory holes GT-1 and GT-2 

are completely understood, and many more experiments will be 

conducted in these holes before they are abandoned. However, the 

engineering information already collected from them is extremely 

encouraging with regard to the probability that the world's first 

dry hot rock geothermal energy extraction system can be built and 

operated successfully at the LASL Fenton Hill Site in northern 

New Mexico, It has already been demonstrated that dry hot rock 

at commercially useful temperature exists there at accessible 

depths; that this rock can be drilled and hydraulically fractured 

without unusual or unexpected difficulty; that its permeability 

is low enough to contain pressurized water with acceptably low 

leak-off rates; and that the stress condition of the rock, particu- 

larly after its pore pressure has been increased locally by perme- 

ation from the fracture system, is such that a hydraulic fracture 

can probably be held open by fluid pressure alone without becoming 

unstable. 

Although experiments of several types are continuing in GT-2, 

these results are sufficiently convincing with regard to the 

engineering feasibility of creating and operating a pressurized- 

water energy extraction loop so that construction of the demon- 
, 

stration system shown in Fig. 3 has already been initiated. Drill- 

ing of the first hole, identified as EE-1, has started at a location 

about 75 m from GT-2. It is expected to reach a depth of about 
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Fig, 3. Proposed LASL demonstration system for geothermal energy 
extraction from dry hot rock. 
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3800 m and a rock temperature of about 250OC. When it has been 

completed it is planned to drill a second hole ("EE-2") about 60 m 
w 

from EE-1, connect the two holes at depth through the hot granite 

by means of a hydraulic fracture having a radius of about 500 m, 

and complete the circulation loop through a 100 MW air-cooled heat 

exchanger at the surface. It is hoped that this system can be 

completed and fluid circulation initiated in it during 1976. 
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