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 We dedicate this book to those who labored over many years to take the 
hot dry rock concept from simply a novel idea to a proven reality. Their 
imagination, creativity, long-term commitment, and hard work led to the 
outstanding technical achievements that are described in detail herein. 
Those achievements have laid a solid foundation for the development of 
HDR geothermal energy as a major energy resource for the 21st century and 
beyond.
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Preface

 The hot dry rock (HDR) geothermal energy concept was born of the 
recognition that the heat of the earth represents an almost inexhaustible 
source of clean, thermal energy for mankind. It was the pioneering efforts of 
Bob Potter and Mort Smith, two visionary scientists at Los Alamos National 
Laboratory in New Mexico, that led to the development of an effective 
and robust method of recovering useful energy from the vast regions of 
hot rock in the earth's upper crust. The heat from that rock—as Smith put 
it—"represents the largest and most broadly distributed supply of directly 
usable thermal energy that is accessible to man." In the ensuing years, other 
researchers at Los Alamos would help to make Potter and Smith's dream 
a reality. 
 This book tells the story of the pioneering experiments at Fenton Hill, 

HDR reservoirs. They were created in deep regions of jointed basement rock 
that had subsequently been tightly resealed by the deposition of secondary 

the period of deformation that produced the jointing). 
 As manager of the Hot Dry Rock Project during a period that 

particularly well positioned for the task of analyzing and synthesizing the 

past twelve years, the demands of writing this book have led me to carry 

them as called for—in light of present knowledge concerning the behavior 

man-made HDR reservoirs in particular. 

excessive. But it should be noted that this book is intended not only to 
provide information useful to future exploiters of heat from the deep earth, 

HDR operations at Fenton Hill—written from the perspective of one who 

"Executive Summary." 

Donald W. Brown
Los Alamos, New Mexico
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PART I

Hot Dry Rock 
Geothermal Energy: 
History and Potential of 
the Newest and Largest 
Renewable Energy Resource



Chapter 1
Serendipity—A Brief History of Events  
Leading to the Hot Dry Rock Geothermal Energy 
Program at Los Alamos
How far back in our past did humans begin to use hot water and steam 
coming from vents in the earth's surface to improve their lives? Did they 
make stops at such sites while moving from place to place, bathing in 
the warm pools or using the waters for cooking, and eventually construct 

availed himself of the earth's heat; but we can assume that human popu-
lations in various areas sooner or later encountered hot waters that were 
bubbling up to the surface after having been raised to high temperatures by 
circulation through deep, hot rock—and that they made use of the heated 
water.
 In modern times, geothermal energy has been exploited through drilling 
into permeable zones within the earth's crust that are characterized by high 

depths are accessible to drilling, the temperatures are high enough, and the 

conversion to electrical power or for direct-heating use. But areas possessing 

have been commercially exploited for electricity generation since the early 
1900s) are rare. In many regions, exploratory boreholes have been drilled 

other words, the rock was hot, but essentially dry. The next logical step, 
then, was to consider  geothermal reservoirs in the far more 
numerous regions of the earth where rock at drilling-accessible depths was 
hot but contained no open, interconnected joints or faults. 
 The concept of extracting heat from man-made geothermal reservoirs 

the Los Alamos National Laboratory) in New Mexico.1 Established by the 

1Much of this early history of hot dry rock (HDR) geothermal energy has been 
abstracted from the many papers written by HDR pioneer Morton C. Smith. 
His untimely death in 1997 brought an end to the detailed history of the HDR 

entitled 
. Published in 1995, it is 

superbly researched, extremely readable, and highly recommended as addi-
tional reading. The second volume, for which he had completed a great deal 
of the work, will be published by the authors of this book as soon as possible. 
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U. S. Army, then transferred to the Atomic Energy Commission (AEC) in 
the mid 1940s, the Laboratory2 had as its primary mission the design and 
testing of nuclear weapons. So how did the scientists working there become 

serendipitous circumstance was the truly multidisciplinary character of the 
Laboratory and the uniquely "research-friendly" environment it offered. To 
design and test weapons required the efforts not only of weapons experts, 
but also of engineers, chemists, physicists, geologists, geophysicists, 
hydrologists, and health scientists. And to stay in the lead technologically 
required the "campus" atmosphere of freedom for creative thinking that was 
then the Laboratory's hallmark, as well as the kind of dedication for which 
Los Alamos scientists were known.

Developments at Los Alamos

Under the directorship (1945–1970) of Norris Bradbury, Los Alamos 
researchers were openly encouraged to "come up with ideas"—a challenge 
that was taken up by, among others, a group of chemists led by Eugene S. 
("Robbie") Robinson. Robinson's group was interested in new techniques 
for drilling deep holes into the earth; it was not only the possible practical 
applications that sparked their interest (the "Mohole" deep earth sampling 
project was under consideration at the time), but also a kind of fascination 
about what could be done, what could be found, "down there."
 Conventional drilling was based on the use of drill bits made of very 
hard materials that could break and grind solid rock. In 1960, members of 
Robinson's group conceived the notion that if the rock could be rendered 
liquid—melted—its penetration might be easier and faster (particularly as 
depth, and therefore rock temperature, increased), as well as cheaper. In 
early experiments, refractory metals such as tungsten and molybdenum, 
electrically heated to incandescence, were readily pushed through samples 

melt rock is similar to the energy required to break and pulverize it (on the 
order of 1 kcal/cm3). The group then embarked on the developmental work 
that led to the creation of a rock-melting penetrator.
 The new device proved capable of steady-state drilling through basalt 
boulders (the debris—glass particles—being pneumatically ejected as drilling 
progressed). In porous volcanic rocks, such as ash-fall tuffs, the penetrator was 
able to consolidate the rock as it advanced, creating a high-density glass lining 
for the hole—which eliminated the need to eject debris. The coupled heat-
transfer and hydrodynamic behavior of the rock-melting process was analyzed 
through a new solution of the Navier–Stokes equations that was developed by 
B. B. McInteer, a member of Robinson's group (Armstrong et al., 1965).

2In this book we use "Los Alamos" and "the Laboratory" interchangeably to refer to 
the Los Alamos National Laboratory. 
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 Although lack of funding terminated the rock-melting project in early 
1963, the ensuing years saw considerable private speculation within the 
group about possible new advances in this area. In early 1970, at Norris 
Bradbury's direction, Robinson assembled an interdisciplinary ad hoc 
committee (Fig. 1-1) to study a rock-melting drill based on a new concept. 

a compact nuclear reactor instead of by electricity; it would transmit 
thermal energy via heat pipes to a refractory metal shell surrounding the 
reactor (Robinson et al., 1971). Such a device would be capable of much 

diameter) than the electrically powered rock-melting penetrator—opening 
up numerous applications for which smaller-scale drilling and excavating 
was costly and time-consuming (such as bores and tunnels for underground 
transport of gases, liquids, cargo, and people; large underground cavities 
for waste disposal or for storage and preservation of various materials; 
underground chambers for high-temperature and high-pressure processing 
operations; shafts for mining and exploration; underground laboratories for 

energy systems).

Fig. 1-1. The Ad Hoc Committee on Rock-Melting Drills (clockwise from 
left): Don Brown, Bob Potter, Bob Mills, B. B. McInteer, John Rowley, 
Mort Smith (behind Rowley), and Dale Armstrong. 
Source: , 1971 
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 In addition to most of the original members of the rock-melting 
project, the committee included experts in needed disciplines, and outside 
consultants were called upon for assistance with specialized matters. The 
committee conducted its study through most of 1970 and summarized its 
conclusions—how the Subterrene would be constructed, how it would 
work, and its principal applications—in a report for submission to Harold  
Agnew, the new Laboratory Director. The report would essentially be a 
proposal for the establishment of a major program to develop the Subterrene.
 It was as part of this process that another link in the serendipitous chain 

team, had long been interested in the application of deep-drilling technology 
to the recovery of geothermal energy, which would involve accessing the 
hot crystalline rock typically found deep in the earth's crust. Potter's imagi-
nation was sparked by an article in the 
describing hydraulic fracturing experiments carried out at the Oak Ridge 
National Laboratory (Sun, 1969). Using the hydraulic fracturing tech-
nology developed by the petroleum industry to access "tight" hydrocarbon 
reservoirs, Oak Ridge was investigating whether fracture systems could 
be created in the sedimentary layers of the earth's crust for the disposal of 
radioactive waste. Potter reasoned that if hydraulic fracturing could be used 
to develop fracture systems in sedimentary rock, the technology could also 
be used to fracture3 crystalline rock.
 The Oak Ridge experiments provided other insights that were pivotal as 
Potter's aspirations for the Subterrene became more and more drawn in the 
direction of geothermal applications. The experiments involved two rela-
tively shallow wells: an injection well, down which water was pumped at a 
pressure that would induce fracturing of the surrounding rock (through slots 
cut in the casing); and an observation well, located about 30 ft (9 m) to the 
west. By the time about 9000 gal. (34 000 L) of water had been pumped into 
the injection well, a sudden rise in pressure was noted in the observation 
well, indicating that the hydraulically induced fracture (or fractures) had 
intersected that well. It became clear that such fractures could extend tens 

-
tion with the knowledge that rocks become progressively hotter with depth, 
made it only a short step to the next realization: the idea began to jell that, at 
depths where rock temperatures were hot enough for commercial applica-

3Today, we often use the more accurate term "pressure-stimulate"—it now being 
clear that crystalline rock is characterized by pre-existing networks of joints 
or fractures that have become sealed by mineral deposition and are reopened 
through hydraulic pressurization.
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means of recovering geothermal heat. The hot dry rock geothermal energy 
concept was born.
 Building on Potter's concept, Mort Smith postulated that (owing to the 
combined effect of increasing temperature, increasing overburden stress, 
mineral alterations, and deposition of secondary minerals) both the porosity 
and permeability of crustal rock would diminish progressively with depth. 
He believed this geologic situation—the presence of low-porosity hot rock 
at depth—to be extremely common throughout the world, in contrast to 
the rarity of natural hydrothermal systems. If HDR was exploitable, then, 
nearly every area of the world could, given adequately deep boreholes, be 
considered to possess an abundant geothermal resource at depth. 
 Mort Smith and Don Brown, who were knowledgeable in conventional 

-
dipitous events: they reasoned that the development and testing of an HDR 
system need not wait for success in the Subterrene Program, but could 

of the committee—and especially Potter, McInteer, Smith, and Brown—
concurred that HDR was at least as important as the Subterrene. When the 
proposal was submitted to Director Agnew in November 1970, therefore, 
it contained (as Appendix F) a detailed presentation of Bob Potter's HDR 
concept and the suggestion that once the Subterrene Program was under 
way, a second major program be instituted to develop HDR geothermal 
energy systems. (The document was reproduced by Mort Smith in a more 
polished form the following April, for use as a "sales tool" [Robinson et 
al., 1971].)

 Note: The Nuclear Subterrene would never be developed. In 1973, under 
the leadership of John Rowley, the Program would be redirected from an 
emphasis on large-diameter tunneling and boring applications to support of 
geothermal drilling and exploration. With the approach of a worldwide oil 
crisis (the Arab oil embargo of 1973), which was driving renewed interest 

of developing HDR geothermal systems as soon as possible. Moreover, 
anticipated major cutbacks in the Laboratory's multimillion-dollar Rover 
Program—to develop a hydrogen-cooled nuclear rocket engine for space 
exploration—was creating a need for new programs at the Laboratory.  
(By 1976, lack of interest in Washington would lead to a withdrawal of 
funding and cancellation of the Subterrene Program. Fortunately, the HDR 
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Hot Dry Rock in Its Infancy 

In March 1971, the Laboratory's newly appointed Associate Director for 
Research, Richard Taschek, launched the Hot Dry Rock Geothermal Energy 
Development Project—as yet unfunded—under the leadership of Mort 
Smith and with Eugene Robinson as coordinator. The HDR concept would 
be patented three years later (Potter et al., 1974).4 
 In those early years, the HDR Project at Los Alamos was very informal. 
The "geothermal group" began by gathering and studying available infor-
mation on the geology and geophysics of geothermal areas, as well as on 
hydrology, drilling, rock mechanics, reservoir management, and hydraulic 

heat extraction from an HDR reservoir (Harlow and Pracht, 1972). Early 
on, a closed-loop earth circulation system was envisioned that would 
incorporate heat exchangers at the surface to transfer the heat from the hot 

cycle. Such a system would have the advantages of being simple, safe, and 
environmentally benign, and could be designed on the basis of existing 
technology.
 The Los Alamos team believed that man-made geothermal systems 
could be created in the deep crystalline "basement" almost anywhere that 
geothermal gradients were high enough for heat mining to be commercially 
attractive—the principal economic issue being the cost of drilling. Without 
the means to explore far and wide, they went looking "just over the hill" 
west of Los Alamos, in the Jemez Mountains. The major feature of this area 
is the Valles Caldera, formed only about 1 million years ago. 
 Along the trace of the bounding ring-fracture, post-caldera eruptions of 
rhyolitic lavas occurred as recently as about 50 000 years ago. Primarily 
inside the physiographic rim, hot springs and a few fumaroles were surface 
indicators of a large thermal resource (magma body) underlying a portion of 
the caldera; and extensive faulting suggested subsurface joint permeability, 
making the caldera a prime target for hydrothermal geothermal exploration 
and development. In the 1970s and 1980s, in an independent effort (funded 
mainly by the U. S. Department of Energy [DOE] and the Public Service 
Company of New Mexico), the Union Oil Company of California carried 

4The HDR patent was written by Don Brown, with the able assistance of 
Paul Gaetjens, a Laboratory patent attorney. Almost the entire HDR concept 
was Bob Potter's; Mort Smith added a section on the augmentation of heat 
production through thermal stress cracking, and Don Brown contributed 
a section on a single-well heat production concept using insulated, coaxial 

in the early days, who was suffering from terminal cancer—Don Brown 
replaced his name as third author with that of Robinson.)
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out extensive drilling and testing along a major northeast-trending fault 

system, but its power-generation potential was only about 25 MWe , half that 
required (at that time) to make a commercial venture feasible.
 The Los Alamos team reasoned that recent volcanic activity along the 
ring-fracture would have produced a region of elevated temperature that 
would extend radially outward from the caldera at least several miles. In 
late 1971, the measurement of geothermal gradients in a number of shallow, 

In early 1972, four deeper holes were drilled in that area for measuring 

roughly along an arc parallel to and 2–3 miles (3–5 km) west of the ring-
fracture; the fourth was located 4.5 miles due west of the ring-fracture. 

the caldera (A, B, and C) were found to be uniformly high—in the range of 
5–6 cal/cm2 2

Table 1-1.
Hole A Hole B Hole C Hole D

Date completed 10 Apr 1972 13 Apr 1972 16 Apr 1972 18 Apr 1972
Distance from ring fault 
(mi)

2.0 2.4 3.0 4.5

Depth (ft) 590 650 750 500
2  sec) 5.13 × 10–6 5.50 × 10–6 5.88 × 10–6 2.20 × 10–6

 The Precambrian-age crystalline basement rocks of the area were thought 
to lie about 2600 ft below the surface. Similar rocks, when tested at univer-
sity laboratories, had proved to be nearly impermeable, indicating that a 
basement-rock environment such as that found in the Jemez Mountains 
could be ideal for testing and development of the HDR concept. On the 

of the Valles Caldera (Fig. 1-2). An essentially nonvolcanic terrain, Fenton 
Hill exhibited elevated thermal gradients; the crystalline basement rock 
lay at reasonable depths; and the entire region was public land, part of the 
Santa Fe National Forest.
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Fig. 1-2. The region west of Los Alamos. The Fenton Hill area is shown 
west of the Valles Caldera. 

holes A, B, and C, was picked. It was decided to drill in the canyon bottom, 
which would reduce the amount of drilling by some 300 ft, thereby saving 
considerable time and money (but this would later prove to be a mistake, 
when thawing of the very heavy snowfall of the winter of 1972–73 turned 
the work area into a muddy bog).

Granite5 Test No. 1 (GT-1), was begun. Precambrian crystalline basement 
rocks were encountered at 2105 ft (642 m), and by June 1 the hole had 
reached a depth of 2430 ft (741 m), some 325 ft into the basement. After 

2575 feet (785 m), 470 ft into the crystalline basement. An examination of 

the casing was set) showed that the rock was primarily augen gneiss. The 

5Although the term "Geothermal Test Hole" appears in numerous HDR publica-
tions and reports, the original term—and the one that was used in the permits 
and original paperwork—was "Granite Test Hole."
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rocks penetrated during the continuous-coring phase were 50 ft of true 
-

atory borehole exhibited a bottom-hole temperature of 100.4°C and a mean 
gradient of over 100°C/km—outstanding for any geothermal area.6 
 Figure 1-3, an enlarged view of the Valles Caldera and the region to the 
west, shows the location of GT-1 in relation to the caldera and the four heat-

currently the Valles Caldera National Preserve.) 
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6 -
ments made in the Fenton Hill area were strongly affected by the hot aquifer 

surface.
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The First Experiments in Hydraulic Fracturing

In early 1973, a series of hydraulic fracturing experiments were conducted—

interval of GT-1.7

testing of an HDR reservoir. 
 In conventional hydraulic fracturing of sedimentary formations containing 
petroleum or natural gas, a "packed-off" interval8 of the borehole is pres-
surized until the overpressure fractures the borehole wall. According to 
the then-accepted theory of hydraulic fracturing in unjointed sedimentary 
formations ("homogeneous" isotropic rock) in regions where the earth 
stresses are typical (i.e., the maximum earth stress is vertical), the induced 
fracture should be vertical, planar, and normal to the axis of the least prin-
cipal earth stress, which acts horizontally. With continued pressurization, 
the fracture should extend radially outward from the borehole for hundreds 
of feet, forming what is referred to as a "penny-shaped vertical fracture." 
This theory, which had its origin in the classic 1946 paper by I. N. Sneddon, 
formed the basis for the original HDR system design (Fig. 1-4).
 But when the Los Alamos team applied this simple theory to the hydraulic 
fracturing of the Precambrian crystalline rocks penetrated by GT-1—as 
though this melange of ancient metamorphic and igneous rocks were 

Worse, that error would be perpetuated in HDR geothermal programs carried 
out later in other countries and in HDR research conducted by several univer-
sities (much of which, at least initially, was supported by Los Alamos). The 
investigators all assumed that a single fracture would be created and that it 
would be penny-shaped and vertical, providing a large area for the transfer 

 It is important to note that this concept was not abandoned until the 
early 1980s (even later in Japan). Eventually, both the British HDR team 
working at Rosemanowes9 and the Los Alamos team realized that, except 
for possibly a short distance immediately adjacent to the borehole wall, 
hydraulic fracturing was not actually breaking open intact crystalline rock 
against its inherent tensile strength. Rather, perhaps with one exception (see 

7These experiments are more thoroughly covered in Mort Smith's excellent report 
on the early days of HDR, (Smith, 1995).

8The interval to be fractured is isolated between a pair of removable seals called 
"packers." This "straddle" packer assembly is connected by a pressure line 
("frac" string) to high-pressure pumps on the surface.

9From 1977 to 1988, personnel from the Camborne School of Mines carried out 

granite (Cornubian Batholith) of a former granite quarry at Rosemanowes, in 
the southwestern Cornwall peninsula.
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Table 1-2 and related discussion), pre-existing—but sealed—joints were 
being opened. The conventional theory of hydraulic fracturing had ignored 

-
tion, see 

in Chapter 2.) 

Fig. 1-4. Originally proposed model for an HDR geothermal energy system.
Source: Robinson et al., 1971

basement rock were funded by the Division of Physical Research of the 
AEC. They were uniquely successful and would not soon be replicated—
for three reasons:

• Because this lower section of the GT-1 borehole had been drilled with 
diamond core bits, the borehole wall was very smooth, enabling many 
short intervals to be isolated with straddle packers.

• The diameter of the lower borehole was only 4 1/4 in., allowing the use 
of smaller and more efficient packer elements (the success of sealing 
with packers appears to decrease inversely with hole diameter).

• The working depths were fairly shallow, making the numerous packer 
repairs relatively easy. 
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 The plan was (1) to isolate, and then hydraulically fracture, seven short 
intervals (7–9 ft) within the cored open-hole section of the borehole; (2) by 

packer just above the shallowest, to pressurize the interval encompassing 
all the mini-fractures—in the hope that they would coalesce; and (3) with 
further pumping, to extend the single composite fracture radially outward. 

 Note: At that time, how the jointed crystalline basement would behave 
under pressurization was not well understood (previous hydraulic fracturing 
experience, in the oil industry, had been limited to sedimentary rocks). It 
had been surmised that the composite fracture, when extended, would be 
vertical and perpendicular to the least principal earth stress, which was 
assumed to be horizontal. And from analyses based on the diagnostic tools 
available at this very early stage of the HDR Project, what would  
to have taken place is exactly that (even though it was a resealed joint 
rather than a true hydraulic fracture): the only discernible feature would 
be a single vertical crack extending the entire length of the 117-ft straddled 
interval (from 2427 ft to 2544 ft) and striking approximately N45W. 

 B
used to isolate seven separate intervals of jointed rock, which represented 
several rock types in the Precambrian basement. These intervals were 
sequentially pressurized at very low pumping rates (about 1 gpm), by small, 
air-driven positive-displacement pumps. Despite innumerable problems 
with the packers and many aborted runs (due primarily to packer leakage), 
and despite harsh winter conditions at the 8400-ft elevation, eventually all 
seven of the intervals were successfully stimulated at moderately low pres-
sures (Table 1-2). Examination of cores and of impression packers showed 
that all but one of these intervals contained obvious resealed natural joints. 
The one interval that did not show such joints (the granite interval tested 

explains why the rock in this interval fractured at a modest pressure—much 

 None of the seven "hydraulic-fracturing" (joint-opening) events was 
energetic enough to be detected by the surface array of seismic detectors. 

higher injection rates—4.5 to 5 BPM (180–200 gpm or 12–13 L/s)—were 
achieved with commercial pumping equipment (Halliburton Services). As 
supported by a recent re-examination of the GT-1 data, this experiment 
opened one large joint over the entire 117-ft straddled interval. Borehole 
televiewer surveying, conducted by Birdwell, indicated that this joint was 
essentially vertical (aligned with the almost vertical borehole), oriented 
northwest–southeast, and connected all seven of the smaller aligned joint 

-

theory that the team would stay with its original model for an HDR system 
(Fig. 1-4) for the next several years.
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Table 1-2. Hydraulic fracturing experiments in GT-1

Date
Mean depth  
of joint, ft (m)

Pumping pressure,  
psi (MPa) Fluid-acceptance 

pressure, psi (MPa)* Rock typeBreakdown Extension
7 Mar 
1973

2497 (761) 1320 (9.1) ___ ___ Gneiss

14 Mar 
1973

2534 (772) ___ 1050 (7.2) ___ Amphibolite

19 Mar 
1973

2464 (751) 1380 (9.5) 1175 (8.10) 900 (6.0) Granite

23 Mar 
1973

2545 (776) 1323 (9.12) ___ ___ Amphibolite

24 Mar 
1973

2428 (740) 1170 (8.1) 1015 (7.0) 925 (6.38) Gneiss

27 Mar 
1973

2454 (748) 1702 (11.73) 1300 (9.0) 965 (6.65) Granite

28 Mar 
1973

2444 (745) 1515 (10.44) 1250 (8.6) 920 (6.3) Granite

4 Apr 
1973

2484 (757) 
(117-ft [36-m] 
straddled 
interval)

___ 1090 (7.5) ___ Composite

Source: Smith, 1995
*upon repressurization

 Following these stimulation tests, Bob Potter analyzed the actual 
recorded pressure traces (those available) and noted that in each case, 
repressurization brought about a linear rise in the pressure curve followed 
by a "turning over" (deviation) at the point where the previously opened 

pressure (see Table 1-2) as the joint-opening pressure, and therefore as a 
measure of the  ( 3)—on the assumption that the 
joint is orthogonal to the direction of this stress. We now understand that as 
the opening (or "jacking") pressure of a closed joint is approached, the joint 
starts to pressure-dilate even though many of the surface asperities are still 

not the joint-
opening pressure—the latter being 100 to 200 psi higher.10 
 At a very low injection rate, the joint-extension pressure (column 4 
of Table 1-2) actually more closely approximates the joint-opening pres-

10This topic is discussed more fully in Chapter 3 (see in particular Fig. 3-6).



Chapter 1   Serendipity—A Brief History of Events16

in this region the true least principal earth stress at a mean depth of 
2428 ft is 1015 psi—the lowest of the six extension pressures recorded (on 
March 24). At the low injection rate of about 1 gpm, any frictional effect on 
the pressure could be ignored; in contrast, for the April 4 stimulation of the 

frictional pressure loss probably explains the somewhat higher extension 
pressure of 1090 psi.
 The drilling and testing of GT-1 laid to rest the concerns of several 
"experts" that

with conventional rotary drilling equipment;
2. crystalline rock could not be hydraulically fractured;
3. because of the assumed presence of open faults and joints, the perme-
ability of crystalline rock would be too high to contain water under 
pressure.11

 The results of the experiments in Barley Canyon added needed credi-
bility to the Laboratory's concept for an HDR energy system: that hydraulic 
stimulation of hot basement rock could create open joints through which 

doubt that such a system could work or that scaling problems due to mineral 

a deeper heat-extraction loop to investigate and demonstrate the technical 
feasibility of such a system. Indeed, this next step had been envisioned from 
the beginning of the HDR Project. 
 On the basis of experience gained from the work in Barley Canyon, 
Don Brown selected a nearby site for long-term HDR testing, which would 

1.5 miles (2.5 km) south of GT-1 and 1.8 miles (2.9 km) west of the caldera 
ring-fracture, on a broad mesa that had been burned clear of trees during a 

conditions of Barley Canyon—but it was adjacent to an all-weather road 
(necessary in winter, given the 8700-ft [2650-m] elevation) and to elec-
tricity and telephone lines. The U. S. Forest Service granted the Laboratory 

approved funding to drill a 4500-ft-deep exploratory hole, thus launching 
the more than 20 years of research and development covered in this book.

11Contrary to these experts' expectation that the Precambrian permeability values 
would be in the millidarcy range, measurements made in GT-1 through the 
summer of 1973 showed a constant value of 7.7 × 10-8 darcy (0.077 micro-
darcy) for the 175-ft open-hole interval. 



Chapter 2
The Enormous Potential for Hot Dry Rock  
Geothermal Energy
The concept of hot dry rock (HDR) geothermal energy originated at the 
Los Alamos National Laboratory. In 1970 it was proposed as a method for 
exploiting the heat contained in those vast regions of the earth's crust that 

resources (HDR represents over 99% of the total U. S. geothermal resource). 
Although often confused with the small, already mostly commercialized 
hydrothermal resource, HDR geothermal energy is completely different from 

place in the earth's crust, an HDR system1 recovers the earth's heat via closed-

reservoir several kilometers deep. The technology bears little similarity to 
that of the hydrothermal industry, and unlike hydrothermal, it is applicable 
almost anywhere—hence the claim that HDR is ubiquitous.
 The present-day concept of an HDR geothermal system has evolved 
considerably from the concept proposed by Bob Potter in 1970 and described 

-
hole is drilled and used for hydraulic pressurization of the naturally jointed 

circulation-accessible hot rock thus created is then accessed by two produc-
tion boreholes, drilled into the ends of the elongated reservoir region. 
 This current HDR concept also recognizes features of the earth's deep, 
hot crust that were not well understood during the early years of the 
HDR Project. It is now known that

The deep crystalline basement is not homogeneous and isotropic, but 

from microcracks of a millimeter or so to an interconnected network 
of joints measuring a few centimeters to several meters, to faults 
extending tens of meters to several kilometers. 
Whereas open joints and faults are typical in the shallow, cooler layers 
of the earth's crust (to a depth of about 1 km), the joints and faults in the 
deep basement will typically have been resealed by the precipitation of 

2—except 
in regions that have undergone recent faulting or folding.

1The term "HDR geothermal system" typically refers to the 
, consisting of the HDR reservoir, the injection borehole, 

the production borehole(s), the surface piping, and the injection pumps. 
2

1983; Simmons and Richter, 1976; Swanson, 1985; and Wang and Simmons, 1978. 

small (nanodarcy range), permeability of the crystalline basement.
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Fig. 2-1. Present-day conceptualization of a closed-loop HDR system. 

It is the network of pre-existing joints in the crystalline basement that 
ultimately controls the deformation of the rock mass during hydraulic 
stimulation. These joints, resealed by mineral deposits, are still more 
permeable than the adjacent rock and open at much lower stimula-
tion pressures than those required to fracture the adjacent rock. As 
the network of pressure-dilated joints is extended and these joints 
intersect other joints, they appear to be terminated (truncated) by the 
intersected joints rather than to cross them. At the intersections, the 

truncating joints, forming a dendritic pattern of interconnected joints.
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 Because the greatest portion by far of the earth's deep, hot crust is essen-
tially sealed, it is available only for HDR development. Invariably, there-
fore, an HDR reservoir would be developed within a previously sealed rock 
mass and would remain totally surrounded by sealed rock. 
 Between 1974 and 1995, two separate HDR reservoirs were created in 

almost a year each. These experiments took place at the Fenton Hill HDR 
Test Site in the Jemez Mountains of north-central New Mexico, about 
20 miles west of Los Alamos. The "Phase I" and "Phase II" reservoirs were 
created at depths of 2700 m and 3600 m, and temperatures of 180°C and 

ranged from 4 MW for extended routine production intervals to as high as 
10 MW for one 15-day period—proving beyond a doubt that it is techni-
cally feasible to recover useful amounts of thermal energy from HDR. To 
the authors' knowledge, these are still the only true HDR reservoirs created 
anywhere in the world. (As discussed below, the open reservoirs created in 
Japan, England, Europe, and Australia do not meet the criteria for HDR.) 

two HDR reservoirs at Fenton Hill, the most profound are these two: 

1. . This means that except for a small—

2. An HDR geothermal system is fully By "fully engi-
neered," we mean that every aspect of the system—including the injec-

system—is engineered (as opposed to those partially engineered systems 
that are based on the pressure-stimulation of an existing, but unproductive 
or only marginally productive hydrothermal region). The central compo-
nent of the HDR system is the man-made reservoir, which is created in 
an essentially impermeable region of hot crystalline rock through the use 
of hydraulic stimulation methods to open, pressure-dilate, and extend a 
network of pre-existing sealed joints. 

These two key insights are discussed in more detail below. 

The Magnitude of the HDR Resource 

It has been pointed out in several recent publications (e.g., Tester et al., 
1989a; MIT, 2006) that the HDR geothermal resource represented by the 
vast regions of hot rock at accessible depths in the earth's crust far exceeds 
that of the combined total of the world's fossil energy resources. Figure 2-2, 
in which various major energy resources are plotted on a logarithmic scale, 
shows that the potential energy supply from HDR is exceeded only by 
that from fusion energy (and it is still not known whether the latter will 
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ever be developed for commercial power generation). In the case of HDR 
geothermal energy, the technology has already been proved via the two 

Fusion1.5 x 1013

Resource type

Geothermal
energy
sources

Hot Dry Rock

Geopressured

Hydrothermal130 000

540 000

1.05 x 108

Fissile with breeder344 000

Fissile
4300

Fossil358 900

103 105 107 109 1011 1013 Quads

Fig. 2-2. Estimates of the worldwide resource base for geothermal and other 
energy sources. 
Adapted from Armstead and Tester, 1987

Obviously, rock at temperatures suitable for a commercial-scale HDR power 
plant (generally recognized as above 150°C) is typically found at shallower 
depths in the western part of the country; but with the maturing of the HDR 
industry, most parts of the U. S. will become available for HDR develop-
ment. In contrast to the very limited hydrothermal resource, therefore, the 
HDR resource can be considered essentially . 
 The size and distribution of the U. S. HDR resource are adequately 
discussed in two recent publications: 

(USGS, 2008) and 

HDR resource is so large as to almost trivialize a discussion of its quan-
titative size. HDR researchers over the next 20 years will look back at the 
pioneering work done at Los Alamos National Laboratory and ask only why 
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Fig. 2-3. Geothermal gradient map of the U. S.

Properties of the Deep Crystalline Basement  
as They Relate to HDR Reservoirs

The Permeability of the Rock Mass
The essential feature of an HDR reservoir is that its permeability is man-
made. How the reservoir will perform is only marginally related to the 
original permeability of the rock mass, and then only through the diffusion 

region (the so-called "water loss" from the reservoir). The deep, crystalline 
rock mass that forms the "basement" in almost all tectonically quiescent 
regions of the earth's crust will have a very low permeability, because the 
number of open faults and joints decreases rapidly with depth; it is thought 
that open joints, in particular, are virtually nonexistent at crustal depths 
below about 2 km. (Obviously, in developing an HDR reservoir, one would 
avoid regions of recent tectonism containing open faults or joint systems.) 
 Suitable crystalline rock masses would typically have permeabilities in 

is attributed to a sparse but interconnected network of microcracks within 
the matrix rock. (The resealed joints themselves probably have permeabili-
ties one to two orders of magnitude greater than that of the matrix rock, but 
still very low.)
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 Most crystalline rocks in the depth range of 1–10 km have undergone 

and breccia zones; and (2) sealing/healing of such permeable features. As 

-
tated. The accumulation of these minerals over time in joints or faults can 

with depth (and therefore temperature and stress conditions), mineralogy, 

induced stresses can have similar effects, causing joints to close and thereby 

formation of gouge material during shear displacement (Olsson, 1992) 
and lithostatic stresses—which, at elevated temperatures, cause dissolu-
tion at points of higher stress and re-precipitation at points of lower stress 
(Lehner and Bataille, 1984). Both the rate and degree of sealing appear to 
increase with depth and temperature. The very few areas of high perme-
ability in the earth's crust, then, will be those rare hydrothermal regions in 
which jointing or faulting processes are currently active (for example, along 
portions of recently active faults within the Basin and Range Province of the  
western U. S.).

Sealed Joints in the Deep Basement: Potential HDR 
Reservoir Flow Paths
The principal geologic mechanisms that contribute to the jointing of crys-
talline rocks are tectonic activity (faulting, folding, and regional uplift) and 
lowering of the lithostatic stress by erosion. Folding is seen mainly in older 
rocks that were involved in ancient and deep-seated episodes of metamor-
phism, thrusting, or mountain-building. Regional uplift is always followed 
by erosion of the overburden, which gradually decreases the lithostatic 
stress on the underlying rocks, again resulting in jointing.
 When a region of deep, hot basement rock is targeted for the develop-
ment of an HDR reservoir, it is the network of interconnected joints in the 
rock mass—however formed and then resealed in the past—that controls 

more joint sets in the rock mass would be desirable, but the nature of this 
network is not something that can be ascertained from the surface, or even 
by observation via a nearby drilled hole or an adjacent HDR reservoir. 

region will be determined after the reservoir is created, through analysis of 

borehole surveys.
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 The orientations of the several sealed joint sets relative to the contem-
-

sures, how the pressure-dilating region will develop, and what the ultimate 

of a true HDR reservoir means that it can be operated, or circulated, at an 
elevated pressure relative to the least principal earth stress at the depth of 

hold open— —one or more of the intercon-
nected sets of the previously pressure-stimulated joints, thus giving rise to 
the man-made reservoir's porosity and permeability. 

The Geological and Hydrological Setting of Fenton Hill:  

As shown in Fig. 2-4, the Fenton Hill HDR Test Site is located 1.9 miles 
west of the 1.26-million-year-old, main ring-fracture of the Valles Caldera, 
and 4.3 miles southwest of San Antonio Mountain, a post-caldera rhyolitic 
dome that erupted along the ring-fracture as recently as 560 000 years ago. 
Although clearly outside the caldera, the test site is located on the ash-
fall-tuff apron that extends several miles to the west of the caldera proper. 
Because of this proximity to recent volcanic activity, the deep basement 

-
ally outward from the caldera over the last million years or more. 
 A major reason for the selection of this site was the expectation that prox-
imity to the caldera would gain an additional increment over the regional 

other potential HDR sites in the western U. S.) However, the measured 
geothermal gradient (over 100°C/km) in the Paleozoic sedimentary rocks 
was misleading, being augmented by heat from the 100°C groundwater 

 In addition, this site was centrally located within a large fault block 
whose principal faults—one mapped to the east, and one inferred (from 
hydrothermal activity) to the west—are roughly parallel. These two north-
trending faults have essentially the same orientation as the deeper HDR 
reservoir later developed, which exhibited little tendency to grow in the 
direction of either of these deep faults. The basement rock is at a depth 
of about 2400 ft (730 m), and is a melange of Precambrian igneous and 
metamorphic rocks. Of more importance for HDR development, the rock 
mass is criss-crossed with an array of joints that, below a depth of about 
3000 ft, have been resealed with secondary minerals. Except for the slightly 
permeable joints, the rock mass is extremely tight—in the range of nano-
darcies. Because the joints are somewhat more permeable than the matrix 

the joint-closure stress. 
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Fenton
Hill

1.9 mi

San Antonio
Mtn

Ring-fracture

Fig. 2-4. The geological and structural setting of the Fenton Hill HDR Test 
Site, located to the west of the Valles Caldera in the Jemez Mountains of 
north-central New Mexico. (The large dots show the inferred position of the 
main ring-fracture of the Valles Caldera; the rectangular outline on the right 
delineates the Baca Location No. 1.) 
Adapted from Smith et al., 1970 

-

caldera. Over time, this underground "river," at a temperature of just above 
100°C, dissolved areas of the deepest limestone, producing an intercon-
nected network of very large solution cavities. This cavernous zone was 
responsible for repeated losses of circulation, which severely hindered 
efforts to drill through the limestones and into the granitic rocks below. 
(Aggravating this situation was the fact that in this mountainous terrain, the 
water table was almost 1800 ft subhydrostatic!) 
 As it turned out, the enhanced temperature gradient (which enabled the 
desired reservoir temperature of about 200°C to be reached at shallower 
depths, reducing drilling costs) was offset by the damage caused by the 

2
2S caused 
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hydrogen embrittlement of the high-strength steels used in the hydraulic 
fracturing and pressure-stimulation work. Pipe failures occurred repeatedly, 
most at pressures less than half those for which the steel was rated. 
 If we were to select an HDR site in the area today, on the basis of our 
current knowledge, it would be at least twice as far west of the ring-fracture 
as the existing site. The much lower amounts of CO2 and H2S in the pore 

reach rock of temperatures equivalent to those at Fenton Hill. 

A True Hot Dry Rock Reservoir is  

garnered from the 21 years of HDR research at Fenton Hill (Brown, 1999; 

tightness of the surrounding sealed rock mass, combined with the "stress 
cage" formed at its periphery by the earth's elastic response to the pressure-
dilation of the reservoir (see Chapter 6 for a discussion of the "stress cage" 

in open, hydrothermal systems:
1. 

conducted in 1992 (see Chapter 7). For this experiment, the Phase II 
reservoir was maintained at a pressure level of 15 MPa (2200 psi) for a 
period of 17 months, by intermittent pressurization with a small, positive-

this reservoir (a seismically determined volume of 0.13 km3) decreased 

, the 
water loss, instead of decreasing, would have stayed relatively constant. 
(Note that the method of reporting HDR water loss as a percentage of 

at the periphery of the reservoir, which is not particularly related to the 

2. At a constant injection rate and pressure (higher than the joint-opening 
pressure), the growth of the reservoir region is linear with time. This 
relationship is illustrated in Fig. 2-6: the growth in volume of the Phase II 
stimulated region corresponds linearly to the increase in the volume of 

injection volumes (as often occurs with hydro-frac operations in the oil 
industry). 
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Source: Brown, 1995b
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A True Hot Dry Rock Geothermal System is 

The creation of an HDR reservoir in a region of previously tight basement 
rock enables the system to be engineered in all its aspects. Those geothermal 
projects elsewhere in the world claiming to be HDR and/or "engineered" 
are only partially so. The reservoirs at Hijiori and Ogachi in Japan are 

fault and/or joint systems, making them , or HWR, geothermal 
systems.3 In the late 1980s, hydraulic stimulation was successfully carried 
out at both these sites. But a few years later, recognizing the undeniably 
open (hydrothermal) nature of these regions, the Japanese researchers 
created a new project for HWR geothermal reservoir design (described 
in Takahashi and Hashida, 1993). Figure 2-7, taken from that publication, 
illustrates their view of the HWR concept vs that of HDR. 

HDR

1 km

2 km

3 km

HWR

Fig. 2-7. The concept of a hot wet rock (HWR) geothermal reservoir. 
Source: Takahashi and Hashida, 1993 

3so named by the Japanese in the early 1990s. 
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 It appears that the "HDR" projects in the Cooper Basin of Australia are 

sous-Forêts (Alsace) was renamed an enhanced geothermal system (EGS) 

reservoir (Gérard et al., 2006). 
 All of these HWR systems are partially "engineered" (e.g., the natural 
joint/fault permeability has been enhanced by pressure stimulation, and in 
some cases also through zone isolation using casing strategies and/or down-
hole pumping of the production well or wells); but because the reservoirs in 

 engineered.
 Only an HDR system with a reservoir enclosed and sealed at its bound-
aries can be fully engineered—that is, all key parameters can be controlled: 

Production temperature, by selecting the drilling depth

Production well backpressure
Placement of production wells for optimum productivity

Development of an HDR System

The system is developed through a series of distinct operations, as described 
in  the following subsections.

Selection of a Site
Don Brown's direct involvement with the process of selecting Fenton Hill 
as the site of the world's only true HDR reservoirs affords him a unique 
understanding of the criteria to be used in choosing a site for the  HDR 
development—an electric power generating system. Such a site would be 
selected primarily to satisfy the requirements of the community it would 
serve, and only secondarily for the geological conditions (of which the most 
important is the absence of active faults at the proposed reservoir depth). 
The major criteria would be as follows:

Proximity to a municipal load center, offering water and power avail-
ability as well as road access 
Tectonic quiescence of the targeted reservoir region 
An appropriate type of rock at the depth of the reservoir (almost any 
crystalline basement rock would be appropriate; it is the joint struc-
ture that primarily determines the characteristics of an HDR reservoir)
Suitable geothermal gradient—at least 40ºC/km, as determined from 
an intermediate-depth exploratory borehole (drilled at least 500 ft into 
the basement rock to preclude any compromising of the gradient data 

Chapter 2   The Enormous Potential for Hot Dry Rock



Development of an HDR System 29

 Almost without exception, the terrain at depth would consist of igneous 
or metamorphic rock in which once-open joints have been hydrothermally 
resealed. The rock mass would exhibit very low initial porosity and perme-
ability (i.e., it would be a region of hot, but essentially dry, rock). In such 
areas boreholes could be routinely drilled to depths of 11 000 to 16 000 ft 

hot temperatures for good commercial viability4 and (2) ensure that the rock 
beyond the periphery of the HDR reservoir would remain tightly sealed, 

Drilling of an Injection Borehole
An injection borehole would be drilled to a depth at which the rock temper-

be drilled essentially vertical (no directional drilling would be involved 
because, before reservoir stimulation, very little would be known about the 
stimulation characteristics of the target reservoir region—e.g., the shape 
and orientation of the pressure-stimulated region, and the pressure required 
to open, and then extend, the contained array of joints). The injection bore-
hole would be completed by cementing-in a short (about 1000-ft) scab liner 
1000–2000 ft off bottom, to pressure-isolate the lower portion of the hole, 
and then installing a "frac string" (high-pressure pipe used in hydraulic 
fracturing operations) from the top of the scab liner to the surface.5 

Initial Pressurization Testing
With the injection borehole complete, the deep rock mass is "interrogated" 
through pressurization. This testing gathers data essential for planning 
the creation of the HDR reservoir. A contract mini-frac truck (having a 

employed to determine
the permeability of the exposed rock mass at a very low injection rate 
and a controlled pressure 
the initial "formation" breakdown pressure (the pressure level at 

the asymptotic joint-extension pressure
the presence of any open faults

Schlumberger FMI logs) 

4At a mean depth of 14 000 ft and with a temperature gradient of 40°C/km, the 
reservoir temperature would be about 180°C.

5

of the borehole during the Phase II experiments at Fenton Hill, proved to be unre-
liable (see in particular Chapters 4 and 6 for detailed accounts of packer prob-
lems). Even after a long period of collaborative development and testing by the 
Laboratory and an industrial partner, a 50% success rate was the best obtained.
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Creation of the Reservoir
An HDR reservoir is created within a previously impermeable body of hot, 
crystalline basement rock, by means of high-pressure, hydraulic-stimulation 
("hydro-frac") techniques commonly employed in the oil and gas industry. 
However, when used to create an HDR reservoir, these pressure-stimulation 
operations are generally much larger in scale and use higher pressures. The 
rock surrounding an isolated, open-hole interval at the bottom of the injec-
tion borehole is pressurized, in one or several stages of hydraulic stimula-
tion, to create a very large (~1 km3) region of pressure-dilated rock. 

-
connected array of pre-existing but resealed joints within the rock mass, 

-
ance of each of these individual paths may be relatively high, but their 

much lower. 
 During the initial development and subsequent growth of the HDR reser-
voir region, seismic activity will be monitored. As a result of the pioneering 
work done at Los Alamos, analysis of pressure-induced microseismicity 
has become the principal tool for determining the shape and orientation of 
this reservoir region (the observed "cloud" of microseismic event locations 

of its internal structure (Albright and Hanold, 1976; Albright and Pearson, 
1982; House et al., 1985; Fehler et al., 1987; House, 1987; Fehler, 1989; 
Roff et al., 1996; and Phillips et al., 1997). This information will be critical 
for determining the optimum locations for the production wells and the 
drilling trajectories that will best access the reservoir. 
 From the knowledge gained from the development of two separate HDR 
reservoirs at Fenton Hill, one can surmise that the typical HDR reservoir 

the earth's crust is invariably anisotropic. Within the Basin and Range 
Province of the western U. S. (which harbors most of the highest-grade 
HDR resources), the maximum earth stress is typically vertical, and the 
least principal earth stress is horizontal. Such a stress state would result in 
an elongate reservoir region whose smallest dimension is horizontal and 
whose larger dimensions are near vertical and approximately orthogonal 
to the direction of the least principal earth stress. The Phase II reservoir 
at Fenton Hill—which has been described as a steeply inclined, elliptical-
shaped "pillow" sitting on edge, with its largest dimension in a north–south 
direction—appears to have followed this pattern of development.
 The Initial Closed-Loop Flow Test (ICFT), performed in mid 1986 
(see Chapter 7), in particular revealed that under high injection pressure 
(4570 psi [31.5 MPa]), the growth of the reservoir was predominantly 

Chapter 2   The Enormous Potential for Hot Dry Rock



Development of an HDR System 31

toward the south—in the direction away from the production well (which 
was north of the injection well). The result was a "stagnant" high-pres-
sure, southern reservoir region without any path to the production well. 
With this portion of the reservoir essentially isolated, the ICFT achieved 
a power production level of only 10 MWth. But had a second production 
well been drilled into that southern portion of the reservoir, it is estimated 
that at least twice that—20 MWth—would have been available from this 
HDR reservoir.

HDR reservoir production would be a centrally located injection well and 
two production wells, one near each end of the ellipsoidal reservoir region 
(Brown and DuTeaux, 1997). Because it is in these elongated boundary 
regions that the reservoir is preferentially extending during pressure 
stimulation, the two production wells would act as "pressure-relief valves": 
inhibiting reservoir growth in these critical regions and thereby enabling 
reservoir operation at even higher injection pressures than would be possible 
with a single production well. 
 T -

to HDR geothermal energy). Flow impedance is usually expressed in units 
of psi/gpm or MPa per L/s. T
has three components: the  (across the greatest extent of 
the dilated reservoir), the  (near the produc-
tion wellbores), and the  (near the injection 
wellbore). These are discussed further in Chapter 4. With higher injection 
pressures, 
dilated, reducing the body impedance and increasing reservoir productivity. 

Drilling of the Production Wells
The HDR circulation system would be completed by drilling two produc-
tion wells to intersect the reservoir near the ends of the elongated reservoir 
region (the boundaries determined by seismic data).

Flow Testing

-
able range of injection and production pressures. In the event that the cumu-

cycling operations would be instituted to reduce the near-wellbore outlet 
impedances of these wells. In addition, laterals could be drilled from near 
the bottom of each production well to increase productivity. 
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Seismic Risks Associated with HDR 
Geothermal Energy

Because of the environmental consciousness of the HDR staff, seismic 
monitoring was a "given" for all the pressure-stimulation activities, starting 
with the experiments in Barley Canyon. 
 In the summer of 1972, Prof. Bert Slemmons, an expert on earthquakes 

structure and earthquake history of the Fenton Hill area and assessing 
potential earthquake hazards associated with the planned hydraulic frac-
turing operations. (A very large body of data already existed on Fenton 
Hill. The Valles Caldera—one of the classic calderas in the U. S.—and its 
environs had been extensively studied by a number of geoscientists over the 
preceding years [e.g., Smith et al., 1970]). 

publication (Slemmons, 1975). On the basis of low-sun-angle photography 

in the area and discovered a previously unmapped minor fault in Virgin 
Canyon, 2.5 miles southeast of Fenton Hill. This fault had a very low 
average rate of movement, and trended away from Fenton Hill. There also 
appeared to be no earthquake hazard from other faults within a 15-mile 
radius of Fenton Hill. (Except for the Virgin Canyon fault, none was found 
that had displaced the geologically young surface volcanic rocks.)
 Dr. Slemmons also collected and analyzed all available earthquake data 
for New Mexico. He concluded that the level of seismic activity in the region 
surrounding Fenton Hill was very low; that hydraulic-fracturing experiments 
in this area involved very little seismic risk from natural fault activity or 
local earthquakes; and that such experiments were not likely to activate any 
of the known faults in the area—including the closest and most recent one in 
Virgin Canyon. 
 During the ensuing 22 years, the magnitude of the largest induced seismic 
event was only about 1.0 on the Richter Scale (Leigh House, Los Alamos 
National Laboratory, personal communication, May 2009). It is notable 
that for the 844 microearthquakes reliably located during the MHF Test 

stations), the range of magnitudes was –3 to 0 (House et al., 1985). It is 

greatly reduced seismic risk vis à vis "enhanced" hydrothermal reservoirs. 
Only of the stimulated HDR region is 
seismic activity generated—and then typically at magnitudes below zero 
on the expanded Richter scale. Any nearby faults would be shielded from 
activation (pressure stimulation) by the pressure-sealed boundary of the 
HDR reservoir. 
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 In contrast, the pressure-stimulation of regions within or adjacent to known 
hydrothermal systems (e.g., the HWR systems at Hijiori and Ogachi in 
Japan, and the "HDR" systems now being developed deep below the Cooper 

 
-

lation was recently attempted at Basel, Switzerland, within the southeastern 
margin of the Upper Rhine Graben—an area of "elevated seismic activity." 6  

3 of 
water was injected over six days into a deep injection well ("Basel 1," drilled 
within the city). The bottom-hole temperature of this well, at a depth of 

as 29.6 MPa (4300 psi), on December 8, 2006, a magnitude 2.7 earthquake 
occurred. As pre-planned, injection was terminated. Four hours later (at a 
shut-in "reservoir" pressure of about 19 MPa), a magnitude 3.4 earthquake 
shook the city and brought the entire effort to a halt (Dyer et al., 2008). Even 
so, because of the large volume of water injected at high pressure into the 
fault system, tremors continued for a year or more. Although such a high 
level of induced seismicity has rarely if ever been seen in other HWR stimu-
lations around the world, it stands as a warning of what occur if an 
open hydrothermal system is subjected to high-pressure stimulation. 

 Note: The injection pressures used at Basel (29.6 MPa) were only slightly 

at Fenton Hill, which averaged about 27.3 MPa. 

The Economics of HDR Geothermal Energy

The researchers most involved with the development of HDR geothermal 
energy believe that the preferred route for HDR commercialization is the 
generation of electricity. This belief has been shared by the U. S. Department 
of Energy (DOE) throughout its long association with the HDR Geothermal 
Energy Program at Los Alamos, simply on the basis of economics. At the 
same time, it is possible that some concentrated, direct-heat applications 
(such as those described in Tester et al., 1989a) could be brought on board 
competitively. For instance, HDR geothermal heat could be used directly 
to supply feed-water heating for a co-located, fossil-fuel electric power 
plant; in this case—in light of the current tax credit for renewable energy 
and anticipated cost incentives for reductions in carbon dioxide emissions 
(e.g., a carbon tax)—the economics of HDR direct heat could be favor-
able. Although it may not be intuitively obvious, if an HDR system cannot 

6In 1356, an earthquake with an estimated magnitude of 6.2 destroyed parts of the 
medieval city of Basel.
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economically generate electric power under the given conditions, it prob-
ably cannot economically be used for direct heating either. With a direct 
heating system, the cost of transporting the pressurized hot water to its final 
destination would be significantly higher than for natural gas. This assertion 
is based on present-day natural gas prices. As a corollary assertion, HDR-
derived geothermal heat of only moderate temperature is not economical 
compared with natural-gas heating.
 At the time of this writing (spring 2012), it is difficult to accurately fore-
cast the economics of constructing an HDR power plant, particularly when 
no such plant has ever been built. The primary capital costs are those of 
drilling the deep injection well, developing the pressure-stimulated HDR 
reservoir, and then drilling the two production wells. These costs are esti-
mated to represent about two-thirds of the total capital investment for a 
complete HDR power generating system (depending principally on the depth 
of the wells). 
 In the summer of 2010, oil prices were considerably lower than
they are at present. In past months a number of factors—not least
the widespread upheavals in the Middle East—have intervened to 
return prices to their 2008 levels. Given the impossibility of predicting 
such fluctuations, an estimate provided in 2008, of about $24 million for 
drilling and completing three boreholes to 13 500 ft (Louis Capuano Jr., 
ThermaSource, Inc., personal communication, September 2008), remains 
the best currently available. But a further consideration is that a new drill-
bit technology on the horizon (David Hall, Novatek International, Inc., 
personal communication, June 2011) could cut that cost in half!
 In estimating the power output of an HDR plant, the principal unknown 
is the productivity of the reservoir. On the basis of the flow testing of 
the deeper (Phase II) reservoir at Fenton Hill, the output of a three-well 
system is projected to be at least 20 MWth. Further, if an HDR plant were 
to be established at the decommissioned Fenton Hill site, this productivity 
could be increased through various strategies—the most viable being the 
drilling of a lateral from the bottom of each of the production wells, which 
could conceivably increase power output to near 40 MWth. Other strategies 
include pressure- and/or temperature-cycling (to reduce the near-wellbore 
outlet impedance), both of which appear to be attractive approaches but 
must be verified through field demonstrations. 
 In reality, then, until the first true HDR power-generating system is up 
and running, the actual costs for such a revolutionary new power source 
can only be guessed at. (Note: such a system was very close to being 
constructed when the DOE withdrew funding in 1995—see Duchane, 
1995d). 
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 Armstead and Tester (1987), in discussing the generation of electric 

steam) and closed (binary-cycle) systems. It has been the Los Alamos 
HDR Project's contention since the early 1980s that a closed-cycle earth 
loop is the preferred approach, from both environmental and water-use 
standpoints. With this type of system, the heat contained in the produced 

remains liquid) is transferred via a heat exchanger to vaporize a secondary 

cooling tower or an air-cooled heat exchanger, repressurized, and returned 
to the primary heat exchanger to be reused. 

for a binary-cycle system. The variation in thermodynamic availability 
of each of these as a function of temperature, over the range of probable 

Figure 3-3. A commercial HDR development at typical production temper-
atures would be on the high side of this range; therefore, according to this 

 The true picture of the economics of HDR power generation must 
await commissioning and then operation of a prototype power plant—not 
yet even in the planning stage. Further, the principal economic issue of 

reservoir, which would be carried out before a binary-cycle power plant is 
-

tion enhancement would be evaluated. 

Using an HDR Reservoir for Load-Following

This experiment demonstrated a concept referred to as "load-following," 
whereby an HDR reservoir can be operated for several hours each day with 
greatly increased thermal power production (Brown, 1996a, 1997b).7 
 For six days, while the injection pressure was held steady at 3960 psi 
(27.3 MPa), a 20-hour period of high-backpressure (2200 psi [15.2 MPa]) 
operation was alternated with a 4-hour period of greatly increased produc-

Fig. 2-8. 

7
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in the production well backpressure during the last two daily cycles of the 
Load-Following Experiment (1995). 
Source: Brown, 1996a 

was increased by a constant 60%. With the associated 10°C increase in 

65% higher than that of the preceding 20-hour period of steady-state 
operation.

began at 2200 psi and ended at 500 psi. However, to maximize reservoir 
power production during the 4-hour portion of the cycle, the backpres-
sure for the 20-hour portion could have been increased somewhat (e.g., to 

saturation pressure for water at 190°C). These operational changes would 
have increased the power multiplier for the 4-hour period of enhanced 
production from 1.65 to closer to 2.0—a considerable improvement.
 When an HDR reservoir is used in this advanced operational mode, one 
can also take advantage of the principle of "pumped storage"—the storage 

Load-Following Experiment at Fenton Hill, a portion of the high-pressure 
 vented down 

Chapter 2   The Enormous Potential for Hot Dry Rock



Using an HDR Reservoir for Load-Following 37

(temporarily produced) during the 4 hours; then, during the next 20-hour 
period of steady-state operation at a backpressure of 2200 psi, the reservoir 

returning to its previous steady-state level during the subsequent 20-hour 
period).

 Note: D
two minutes to nearly double the reservoir's power production, by simply 
opening the motor-driven throttling valve on the production well. Making 
use of this HDR load-following capability would reduce the local electric 

times of peak demand (a very costly—but also very common—method of 
load-following, particularly during the summer air-conditioning season). 

 The demonstrated ability of HDR geothermal systems, operating in a 
base-load mode, to provide peaking power upon demand confers on HDR 
power plants an additional cost advantage that has not been considered in 

 of the HDR economic studies done so far. The premium for peaking 
power is typically more than twice the base-load price. For example, for a 
base-load busbar price of 9 cents/kWh and a peaking price of 21 cents/kWh 
for 4 hours, the overall effective price would be 11 cents/kWh—a premium 

power plant. 
 The pumped storage aspect of this experiment was not particularly 
emphasized at the time. The experiments at Fenton Hill suggest that upon 

The recent growth of wind power (often generated at night) presents an 
appealing opportunity for exploiting this aspect: excess wind power could 
be used to power an additional injection pump during all or a portion of 

thus created turning the HDR reservoir into a kind of "earth battery." Most 

of increased power generation for peak demand periods. In other words, 
 that 

used for steady-state operation, enabling a greater quantity of pressurized 

only by the requirement to keep the pressure below a level that would cause 
renewed—or excessive—reservoir growth. 
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The Challenges of HDR Technology

In the early days of the HDR Project, a number of concerns—or challenges 
to implementation of the technology—were expressed by the earth sciences 
community. Ongoing research of the HDR geothermal energy concept at 

led to successful resolution of most of these. In addition to the two most 
important ones (water loss and induced seismicity, discussed above), these 
challenges included the following:

During Phase II, when 
the reservoir was tested for over two years at a very high pressure 
(3960 psi), there were no indications of reservoir growth.

laden water through the mild-steel, air-cooled heat exchanger, only 
a very thin—and actually protective—coating of iron carbonate 

carbonate during the Massive Hydraulic Fracturing [MHF] Test 
in December of 1983—see Chapter 6). Further, no detrimental  
build-up of mineral deposits was found in any of the surface plumbing 
or downhole piping. Therefore, chemical scaling proved to be a  
non-issue.

tion. The Phase II reservoir at Fenton Hill had a circulation-accessible 
volume of at least 20 million m3

production of at least 20 MW of thermal energy for at least 10 years 

transfer volume is a concern, before power production begins the 
circulation-accessible reservoir volume can easily be increased 
through additional pressure stimulation, at a very modest cost. 

Increasing the rate at which energy can 
be extracted from the man-made reservoir is the primary remaining 
challenge to the commercialization of HDR geothermal energy. This 

-
tion), which determines the amount of water that can be circulated 
through the pressure-dilated reservoir region for a given set of reser-
voir inlet and outlet pressures (as measured at the surface): 

   (injection pressure – production pressure)

 

I =
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 Reservoir productivity is particularly closely linked to the near-
-

operating the production wells at an elevated backpressure, which 

otherwise be held almost closed by the combination of the wellbore 
stress concentration and the decreasing differential pressure8 as the 

"S  This concern was 
allayed by very favorable data from the Long-Term Flow Test of the 
deeper reservoir (1992–1995). T
patterns became  diffuse with time, suggesting that more of the 

toward short-circuiting.

A Major Observation and a Practical Lesson

A major observation from our Fenton Hill HDR reservoir testing and 
development is that the characteristics of the jointed rock mass are vari-
able, and unpredictable. For example, the joint-extension pressure in the 
Phase I reservoir was only about 2000 psi, whereas the corresponding 
joint-extension pressure for the Phase II reservoir—only 2300 ft (700 m) 
deeper—was 5500 psi, a remarkable difference. This pressure is controlled 
not by the earth stresses per se, but by the orientations of the principal 

be discerned from borehole observations nor, assuredly, from the surface! 
Although microseismic observations are essential to understanding HDR 

in understanding/discerning that portion of the induced seismicity that is 

 

8This —the difference between the pressure of the circu-

them—rapidly declines from its positive value in the body of the reservoir to 

outlets into the production boreholes. This phenomenon, unique to HDR reser-
voirs, explains why an increase in the production-well backpressure decreases 
the near-wellbore outlet impedance. It follows that the larger (i.e., the more 
negative) this differential pressure, the more tightly closed are the joints in the 
vicinity of the production well.
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 The most practical lesson from the Laboratory's HDR work is that the 
engineering of an HDR geothermal system begins with the creation of 
the reservoir from the initial borehole. The reservoir is then accessed by 
two production wellbores drilled to near the boundaries of its (seismically 

connect them by hydraulic pressurization, is almost impossible. (The reason 
for drilling two production wellbores is twofold: First, to markedly increase 
productivity by much more fully accessing the reservoir; and second, to 

joints and further reduce the body impedance, while constraining additional 
reservoir growth.) 

Chapter 2   The Enormous Potential for Hot Dry Rock



PART II

First Demonstration of the 
Hot Dry Rock Geothermal 
Energy Concept: 
Development of the Phase I 
Reservoir at Fenton Hill



Chapter 3
Phase I Drilling and Initial Attempts to Establish 
Hydraulic Communication

energy concept took place at Fenton Hill, New Mexico, in the mid to late 
1970s. The objective was to create a large, man-made HDR reservoir in 
rock at an appropriate temperature (~200°C) and accessed by two deep 
boreholes, completing the pressurized earth circulation loop.
 As described in Chapter 1, the original concept of an HDR geothermal 
energy system was developed in 1970 by Bob Potter (Robinson et al., 
1971). Figure 3-1 illustrates the concept as it was published two years later 
(Brown et al., 1972). The then-anticipated location for such a system was 
somewhere in the Basin and Range Province of the western U. S.—hence 
the 8000 ft of sedimentary and volcanic rocks estimated to overlie the base-
ment rock and the assumed temperature of 300°C at 15 000 ft (technical 

enable thermal power production to be calculated).
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Fig. 3-1. The originally proposed system for developing a dry geothermal 
reservoir in the western United States as a commercial energy source 
(1972). 
Source: Brown et al., 1972
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 In those early days, Don Brown briefed Atomic Energy Commission 
(AEC) Headquarters staff and other interested parties on the simplicity of 
creating an HDR reservoir in hot crystalline rock—generally outlined as

drilling a vertical borehole to a depth at which the rock temperature is 
suitable for power generation;

large vertical fracture from the bottom of this hole; and
using conventional directional drilling techniques to drill a second 
borehole to intersect the vertical fracture.

(Note: at the time, the directional drilling component was considered no 

reason: The potential for HDR geothermal energy in the Basin and Range 
Province is huge, and not nearly enough was yet known for a particular 

HDR group at the Laboratory undertook some initial studies in the Fenton 
Hill region of the Jemez Mountains, just west of the Valles Caldera. On the 

of 2575 ft. The encouraging results obtained from GT-1 then led to selec-
tion of a nearby site for long-term HDR experiments.1

 The principal objective of the Phase I operations at the new Fenton Hill 
site was to assess the suitability of the deep Precambrian basement in this 
area for containing a pressurized HDR circulating system. Here, pressur-

Test Hole 2, or GT-2), at several depths. From the beginning, GT-2 was 
envisioned as an exploratory borehole—like GT-1, but considerably 

system; and second, as a deep seismic observation station during the 
hydraulic fracturing operations and experiments involved in reservoir 
development (and, later on, as a reservoir-interrogation and diagnostic 
borehole, separate from loop operations).

1This site soon came to be known as the Fenton Hill HDR Test Site, referred to by 
the Laboratory as Technical Area 57 (TA-57), or simply as "Fenton Hill."
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Summary of Phase I Drilling and Attempts 
to Create a Reservoir

Precambrian basement rock at the Fenton Hill HDR test site. But as 

from the original plan. One was that during the later stages of drilling, 
the role of GT-2 as an exploratory and then reservoir-interrogation 
borehole, separate from the reservoir-creation and production bore-
holes, was changed. After the establishment of the Energy Research 
and Development Administration (ERDA) out of the former AEC 
in January 1975, and the ensuing increase in micro-management by 
the ERDA Division of Geothermal Energy (DGE), the decision was 

HDR reservoir test. The Laboratory acquiesced to the change, which 
meant that only one of the planned two additional boreholes (referred 
to as EE-1 and EE-2, for "Energy Extraction") was drilled for Phase I 
experiments; and that GT-2 was twice deepened beyond its planned 
depth, for a total of three stages of drilling.

was 9619 ft (2932 m) and its bottom-hole temperature was 197°C. 
Soon thereafter, a favorably oriented joint was opened by hydraulic 
pressurization near the bottom of GT-2, to form the initial reservoir 
heat-exchange system (per the then-prevalent hydraulic fracturing 
theory of a penny-shaped, vertical fracture created in homogeneous, 
isotropic crystalline rock—see Fig. 3-1). The second well, EE-1, was 
drilled next; but after much heated discussion and analysis, the plan 
for the directional drilling of this well was changed from that shown in 
Fig. 3-1. Rather than being aimed at the upper portion of the GT-2 joint, 
EE-1 was drilled directly under the bottom of GT-2, to intersect the 
lower portion of the joint (which, according to the theory, would grow 
symmetrically and near vertically, upward and downward, from the 
injection point). The original roles of the two wells were thus reversed: 
EE-1 became the injection well and GT-2 the production well.

the concern that if EE-1 was drilled across the plane of the created 
fracture above the bottom of GT-2, it might intersect that borehole; 
and second, since it was presumed that the fracture was near-vertical, 
if EE-1 was drilled directly under the bottom of GT-2, it could not 
help but intersect the lower extension of the fracture (almost regard-
less of the fracture's orientation in plan view). Another consideration 

of
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bottom of the large, pressurized, penny-shaped fracture, then be heated 
as it rose buoyantly to the production well.
 However, instead of hitting "the broad side of the barn"—the large 
target thought to be presented by the joint at the bottom of GT-2—the 
trajectory of EE-1 was inadvertently turned  from GT-2 less than 
30 ft short of the target! Owing to a 180° error in the seismic analysis of 
the acoustic ranging data, the HDR Project geophysicists thought that 
at depth, EE-1 was west of GT-2 rather than still east. They convinced 
the Project management that EE-1 had been drilled past the bottom of 
GT-2 when in fact it had not. The 180° error came to light only some 
18 months later—December 1976—when magnetic ranging and better-

-
mation came in the spring of 1977, when high-temperature gyroscopic 
survey tools specially developed for the Laboratory were run in GT-2.
 Much of the intervening year and a half was spent attempting 
to create an HDR reservoir between the two boreholes. After all 

per L/s)—was adequate, but still higher than a "desirable" level (about 
10 psi/gpm, or 1 MPa per L/s). Further, the 24-psi/gpm impedance 
was not maintained, but subsequently increased (to 100 psi/gpm) 

plugged with detritus from the quartz-leaching experiment. Instead of 
attempting to reopen the plugged joints and further pressure-stimulate 
the connecting joints, the staff decided to redrill GT-2 to intersect the 
near-vertical joint that—according to seismic data—had been opened 
at a depth of about 9050 ft, behind the casing in EE-1.

Planning, Drilling, and Testing of the GT-2 Borehole

The Drilling Plan

of between 4500 and 6000 ft (depending on available funding)—penetrating 
2000+ ft into the Precambrian basement rock underlying the Jemez Plateau. 
A borehole of this depth would make it possible to

obtain additional information on the geology of the deeper Precam-
brian basement, and
assess the permeability of the rock mass, ideally to a depth of 6000 ft.

 Personnel from the HDR Group at the Laboratory (Group Q-22) prepared 
a detailed drilling and casing plan for GT-2, including materials and equip-
ment. After the plan had been reviewed by outside drilling engineers (from 
Fenix and Scisson, Inc.) and minor changes made, a bidding package 
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was 

Department on November 21. The successful bidder was Calvert Western 
Exploration Co. of Tulsa, Oklahoma.

60-ft-deep, 26-in. drilled hole; 
20-in. conductor pipe

12 1/4-in. hole drilled with mud; 
10 3/4-in. casing

9 5/8-in. hole drilled with air; 
continuously cored

TD, 4500 ft to 6000 ft 
1 C to 200 C *

*Temperatures are 
  extrapolated from 
  GT-1 measurements

Bottom of casing, 2600 ft 
115 C *

400 ft

0 ft

Volcanic tuff
Ceno oic

1300 ft

Abo Formation
Permian

2050 ft

Madera Limestone
Pennsyl anian

2350 ft

Sandia Formation
Mississippian

Granitic basement rocks
Precambrian

Ground ele ation 8689 ft

Fig. 3-2. Final plan for drilling and casing of the GT-2 borehole, showing 
the anticipated stratigraphic section and expected bottom-hole temperatures. 
Based on Pettitt, 1975a (Appendix C)
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stages of development of GT-2 (Table 3-1). In the end, budget and time 

Table 3-1. Drilling operations—GT-2 borehole

Drilling stage Start date Final depth
1 17 February 1974 6356 ft (1937 m)
2 30 August 1974 6702 ft (2043 m)
3 12 October 1974 9619 ft (2932 m)

 In addition to the details of the drilling and casing program (see Pettitt, 
1975a), the plan contained in the bidding package called for the driller to 
(1) continuously core from the top of the Precambrian granitic rocks to a 
depth of at least 4500 ft, using air as the circulating medium; and (2) as 
directed by the Laboratory, conduct hydraulic fracturing tests and run logs 
and surveys. Core analysis would allow the determination, as a function of 
depth, of several properties of the rock matrix:

petrology (including age);
mechanical and acoustic properties;
thermal conductivity;

porosity and permeability (inferred from laboratory testing that 
replicates the  state of stress); and
the nature and geochemistry of potential rock–water interactions.

InfoNote
-

ably high considering the cost and time involved. As would be learned in the 
course of reservoir testing (see Chapter 9), the matrix data yielded by core 

(for example, whether the rock matrix is granite, diorite, or amphibolite affects 
the behavior of the reservoir only minimally). The physical properties that do 

controlled primarily by the nature and orientations of the principal joint sets. 
The most important of these properties are overall permeability and compress-

with the level of pressurization. Although a few matrix properties are represen-
tative of the rock mass as well (such as thermal conductivity, because the joint 
porosity is so small), the majority are useful primarily for reservoir modeling.

testing operations performed in GT-2 is taken from Pettitt (1975a and b) 
and Blair et al. (1976). 
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Stage 1 Drilling

Drilling in the Surface Volcanic Rocks
On February 17, 1974, the drilling of the GT-2 borehole began in the Bande-
lier Tuff, which is exposed at the surface at Fenton Hill. At a depth of 77 ft 
(24 m),2 a 65-ft (20-m) string of conductor casing having an outer diameter of 
20 in. (510 mm) was set and cemented to the surface just above ground level. 
Drilling then continued, with a 12 1/4-in. (311-mm) Smith Tool Company 
(STC) steel-tooth, tricone rock bit, through the 450 ft (137 m) of surface 
volcanic rocks and into the underlying Permian sedimentary formation.

Drilling Through the Paleozoic Sedimentary Formations and 
into the Granitic Rocks
After some 780 ft (240 m) of red clays, siltstones, and sandstones of the 
Permian Abo Formation had been penetrated, drilling proceeded below 
1230 ft (375 m) in Pennsylvanian rocks of the Madera and Sandia forma-
tions. (The transition between Permian and Pennsylvanian rocks in this 
region of northern New Mexico is typically determined by the increasing 
amounts of limestone in the red beds; when limestone is more abundant 
than red sediments, the rocks are no longer considered of Permian age.) In 
addition to STC bits, Security and Hughes Tool Company bits were used 
in the sedimentary formations, but the two STC bits drilled over twice the 
distance—nearly 600 ft each.
 Drilling in the Madera limestone was proceeding at rates averaging  
6–8 ft/h when a massive loss of circulation occurred on February 28, at a 
depth of 1916 ft (584 m)—an occurrence that was to be repeated during the 
drilling of all subsequent boreholes at Fenton Hill (it had already been expe-
rienced during the drilling of GT-1 in Barley Canyon, but in that first explor-
atory hole the situation was somewhat easier to manage because of the much 
smaller—6 3/4-in.—diameter of the upper portion of the borehole). At the 
GT-2 site at this depth, the borehole was apparently passing through a 
"vuggy" limestone interval, in which solution cavities had been created by 
hot water (~100°C) flowing westward above the Precambrian granitic rocks. 
The source of this hot fluid was probably the ring-fracture bounding the Valles 
Caldera immediately to the east of Fenton Hill.

2Unless otherwise specified, all depths given for Fenton Hill drilling operations 
were measured from the top of the Kelly bushing and along the incline of 
the borehole (the so-called "slant depth"—typically obtained from incre-
mental drill pipe measurements). In the case of GT-2, the Kelly bushing 
was 13 ft above ground level (equal to an elevation of 8701.5 ft above mean 
sea level at Fenton Hill). Because GT-2 was drilled essentially vertical, the 
"true vertical depth" (TVD)—the depth of the completed borehole derived 
from surveyed depth measurements along its incline—was only a few feet 
less than the wireline-measured total depth (TD).
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 After a week of various attempts to seal off the problem zone, including 

cementing operations, it was evident that further efforts would probably not 
be successful.3 With the condition of the hole continuing to deteriorate, the 
only solution was to run casing as soon as possible. On March 9, the hole 
was reamed to a diameter of 17 1/2 in., and a 13 3/8-in. (340-mm) surface 
casing string was set at a depth of 1604 ft (489 m) and cemented in place, 

at 1573 ft (480 m). Although casing to about 1900 ft—just above the loss 
zone—would have been even better, the condition of the hole at that time 
made it impossible; and the 1600 ft of casing did mean that all of the Abo 

Madera Formation were cased off.
 Drilling resumed on March 17, with a 12 1/4-in. bit and with water as the 
circulating medium; but when circulation was lost again at 1889 ft (576 m), 
water was abandoned in favor of air drilling and the much-lower-density 

used in drilling the Precambrian basement once the 10 3/4-in. intermediate 
casing string had been run and cemented, most of the equipment needed 
for air drilling was already on site.4
bentonite, and Gel-Foam having the consistency of a milk shake and a density 
of about 1 lb/gal., was used to stabilize and lubricate the hole, reducing 
somewhat the continuing problems with caving and stuck drill pipe. Even 
so, on March 25 drilling had to be halted at a depth of 2230 ft because of 
serious caving in the Madera Formation, some 300 ft higher, where the very 
low pressure of the column of foam in the borehole was now allowing signif-

production zone when the pressure environment of the borehole decreased 
from full hydrostatic to very subhydrostatic.) Eight successive cementing 
operations were carried out over the next three days, to try to seal off this 
zone and stabilize the hole. Air drilling then resumed, and on March 30 the 
top of the Precambrian basement was reached at 2404 ft; but caving of the 

3In fact, right to the end of the Fenton Hill experiments, none of the various lost 
circulation materials tried would be even marginally successful. To the dismay 
of the vendors of these materials, any substance that could be pumped through 
the rig's mud pumps (the positive-displacement pumps used to circulate the 

zones of the type encountered at Fenton Hill.
4The air-drilling equipment included three heavy-duty Ingersoll-Rand air compres-

sors (each rated at 300 psi [2.1 MPa] and 2400 SCFM for an elevation of 
8700 ft), a booster pump designed to boost the compressor output to 1500 psi 
(10 MPa), a mist pump (16 gpm at 1500 psi), and related piping. In addition, the 
compressed air services contract included the services of an engineer and two 
operators for approximately seven weeks.
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overlying sedimentary rocks continued to present serious problems. In 

"aquifer" was encountered. Like the one some 400 ft higher, it appeared 

washed out large cavities in the limestone that probably measured several 
feet across.

water from the formation was increasing; at 2463 ft, it became necessary 
to again cement the lower section of the hole (from 2463 ft up to 2105 ft). 
Following the cementing, which was done in four stages, drilling resumed 
and succeeded in deepening the borehole another 72 ft, to a depth of 2535 ft 
(773 m), 131 ft into the Precambrian basement.
 Unfortunately, despite the cement jobs, caving of the sedimentary forma-
tions above had became so serious that even with air drilling the hole could 
not safely be deepened further in the absence of casing. On April 5, the 

the surface into the top of the Precambrian basement, to the full drilled 
depth of 2535 ft. A Baker cement shoe was installed on bottom and a Baker 

in the string to prevent overdisplacement of the cement from the annulus 
between the casing and the granitic rocks, and to ensure that the cement 
would extend upward at least to the deeper loss zone, in the lower part of 
the Sandia Formation (at about 2380 ft).
 On April 6 the lower section of casing, from 2535 ft up to the deeper 
loss zone, was tag-cemented by Dowell.5 About 10 000 gal. of water was 
pumped into the empty casing (the static water level being about 1700 ft 
below ground level), followed by 2400 gal. of cement slurry. After a 
rubber plug had been inserted on top, the cement was displaced down the 
hole with 14 700 gal. of water. The amount of displacement water was 

the cement would rise in the annulus to the region of the loss zone in the 
Sandia Formation. Once the cement had set, a 9 5/8-in. STC button bit 

ensure that the hole was in good shape for the upcoming coring operations, 
it was then deepened to 2547 ft.

5The Farmington, NM, station of Dowell Cementing Services, then a division of 
Dow Chemical Company.
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 Note: The loss zones encountered during the drilling of GT-2 would also 
affect the drilling operations of the next three boreholes: EE-1, EE-2, and 
EE-3. The contract engineers for EE-2 and EE-3 in particular approached 

experience. The higher zone, in the Madera Formation (~1900 ft), was the 
easier of the two; it was usually handled by setting an intermediate casing 

rial as this zone was being traversed. The massive loss zone immediately on 

A number of different approaches were tried, but none was very successful.

Drilling in the Precambrian Crystalline Complex
The original GT-2 drilling plan for the Precambrian basement rock called 
for continuous, wireline-retrievable coring to a depth of at least 4500 ft, 

the JOIDES (Joint Oceanographic Institutions for Deep Earth Sampling) 
program6

and more easily drilled than the granitic rocks at Fenton Hill. The Smith 

the HDR Project. This bit, shown in Fig. 3-3, incorporated four tungsten-
carbide-insert (TCI) roller cutters that produced a 2 7/16-in.-diameter core.

Fig. 3-3. The JOIDES-type core bit manufactured by Smith Tool Company 
for the Fenton Hill HDR Project. Source: Pettitt, 1975a
6Darrell Sims, while working at the Scripps Institution of Oceanography in La Jolla, 

CA, was instrumental in designing the JOIDES coring system for the 
 (the JOIDES drilling ship). He later joined the Laboratory's Group 

Q-22 (the initial HDR group led by Mort Smith) and was deeply involved in 
planning the drilling of the GT-2 borehole.

Chapter 3   Phase I Drilling and Initial Attempts



Planning, Drilling, and Testing of the GT-2 Borehole 53

 To provide the additional clearance needed for wireline retrieval of 

run—a special large-bore, rotating drilling head had been procured for the 
continuous wireline coring operation. However, before the entire wireline 
coring system was mobilized, several trial runs were carried out to check 
the system's viability for coring in the Precambrian basement at Fenton Hill 

-
ally been conducted during drilling in the Madera Limestone (despite the 
lost-circulation problems being encountered at the time): one at a depth of 
2078 ft and the other at 2248 ft. Neither recovered intact core, only chips. 

2547 to 2580 ft and the second from 2580 to 2600 ft. After each run, the 

onto and recover the core barrel.
 These trial runs were an abject failure. Owing to both the poor design of 
the core barrel and the apparent unsuitability of the JOIDES bits for drilling 
in granitic rock (see , below), it appeared that continuous 
coring would not work in the Fenton Hill Precambrian basement—despite 

-
neers, to place the "core catcher" right on top of the bit. With only 7 of the 
initial order of 15 JOIDES bits having been received from the manufacturer, 
one additional tactic was tried: STC was asked to modify the remaining 
8 bits by replacing the innermost carbide inserts (which cut the outer diam-
eter of the core) with the hardest tungsten carbide buttons available. But 

up to the job at Fenton Hill. Therefore, the decision was made to drill ahead 
with the STC 9JS bits, and core only as directed by the Project team.
 As noted above, the GT-2 drilling plan also called for air drilling of the 
basement rock (Ingersoll-Rand personnel, on the basis of their experience in 
the mining industry, had convinced the HDR Project drilling engineers that 
air drilling would achieve a higher rate of penetration at a lower over-all cost 
than either water or mud). Another perceived advantage was that air would 
be more practical at Fenton Hill because water had to be hauled to the site.
 The 10 3/4-in.-diameter intermediate casing string dictated a maximum 
bit size of 9 5/8 in. (244 mm) for drilling of the crystalline basement rock 
below 2535 ft. The selected hard-rock bits (which had been ordered when 
continuous coring was still the plan, for the eventuality that conventional 
drilling might be needed as a back-up) were STC 9JS full-face, TCI bits. 
These standard mining bits had been developed to drill the hardest, most 
abrasive ore-bearing rocks encountered in the mining industry—including 
taconite, chert, granite, quartzite, and other hard igneous and metamorphic 

-

by air (unlike the sealed-bearing bits then being manufactured for the oil 
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industry by the Hughes Tool Company). In addition, having built-in jets, 
the STC 9JS bits could be adapted for water drilling by welding shut the 
air courses (copper tubes) through which clean air was directed to the open 
bearings; the bearings would then instead be "lubricated" with clean water 

 Drilling with air progressed rapidly in the crystalline basement, inter-
rupted by four more coring runs and several cementing operations to repair 

reached 3542 ft, water was being produced from the hole at such a rate 

A series of commercial logging tests that day indicated that the casing was 
undamaged, dispelling concerns that a hole in the casing could have been 

the bottom of the casing through a breach in the cement. (This conclusion 
would soon be refuted by operations deeper in the borehole.)
 In an attempt to seal off the supposed breach in the casing cement with 
additional cement—a so-called casing-shoe "squeeze" job—a wireline-
activated, open-hole bridge plug was set at 2580 ft, 45 ft below the casing 
shoe. Next, a removable packer was run in on drill pipe and set inside 
the casing at a depth of 2400 ft, and a slurry of 300 sacks of cement was 
injected into the interval between the packer and the bridge plug. Although 

down the hole.

from 2400 ft down to the bridge plug, was drilled out; but before the bridge 

drilling could not continue. Following another attempt to cement off the 

the hole was cleared of cement and the bridge plug was drilled through. 
 

granitic surface. It now appeared probable that the open-hole bridge plug 

exerted during the squeeze cement job and the subsequent air drilling.
 Efforts now focused on looking deeper to locate the source of the water 

set in the borehole below the casing shoe. Injection testing below the packer 
was carried out with a full hydrostatic head of water augmented by some 
pump pressure. The results indicated that the borehole was accepting water 
across a wide interval 3150 ft. (Later, a caliper log showed that 
a portion of the borehole at about 3220 ft was enlarged, apparently repre-
senting the intersection of a fracture zone with the borehole.) On May 4, a 
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slurry of 300 sacks of cement was pumped into the hole through open-ended 

the cement was successfully drilled out with air. The hole was then deepened 

plug had effectively sealed off the water until it was drilled out demonstrated 

casing but through open fractures in the basement rock.
 At this point, it was decided to switch to water drilling, even though this 
might mean drilling without returns through any additional open fractures 
in the basement rock. A pump was installed in the reserve pit to supply the 
additional water needed (and simultaneously draw down the large quantity of 
water produced during air drilling). Drilling progressed in the granitic rocks 
to a depth of 3666 ft without excessive water losses, suggesting that the very 

-
sive suite of temperature logs run by the Laboratory yielded a temperature 

tight below about 3600 ft.
 Because the plan was to return to air drilling, two attempts were made to 
"squeeze off," with cement, the open fractures between 3150 and 3600 ft—

to set in 1 3/4 hours at 26°C was pumped in through open-ended drill pipe 

stands (about 2600 ft) of pipe full of cement had to be pulled out and sent to 
Farmington, NM, to be drilled out (meanwhile, additional pipe was rented so 
that operations could continue). Drilling with water resumed, taking the hole 
to 3728 ft. Further temperature measurements indicated that water was still 

showed that the section of borehole between about 3550 and 3600 ft was 
also enlarged, presumably representing another fracture zone in the base-
ment rock).
 The second "squeeze cementing" attempt took place on May 15: open-
ended drill pipe was run into the hole to 3680 ft, then cement was injected 
(150 sacks in about 20 minutes). This time the cement formulation had 
been lab-tested to allow a pumping time of 1h 37 min at 110°C, providing 
an ample margin in case of unforeseen delays. Unfortunately, because 

between 3550 and 3600 ft, and there was a large pressure differential 

drill pipe was "sucked" against the borehole wall—a phenomenon known in 
the drilling industry as . The pipe could not be moved as 
the cement proceeded to set up. When the cement within the drill pipe was 
tagged, its top was found to be at a depth of 3232 ft; the cement was then 
drilled out with small-diameter drill pipe and a 3 1/2-in. bit. Next, service 
company acoustic equipment was used to determine the depth at which 
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pipe, stuck tools, drill bits, debris, etc.): with a deep, back-off explosive shot, 
all but 330 ft of the drill pipe was pulled out of the hole.
 On May 19, after successive joints of drill pipe had been "washed-over" 

depth of 3556 ft. By May 28, this cement had been laboriously reamed out of 

diamonds), slowly freeing the remaining drill pipe, section by section. 
Finally, the hole having been cleared, air drilling began again and reached a 

and 70 gpm—primarily because neither of the squeeze cementing jobs had 
been successful in sealing off the open fault intersections with the borehole.7

 Note:

hole in the upper crystalline basement became apparent. With production 
approaching 400 gpm under modest air-drilling differential pressures, the 

tight, "fractures" in the basement rock. To produce this amount of water, the 
 set of fractures making up these fault zones must have under-

gone considerable recent displacement, and consequent shear dilation 
(often referred to in the HDR literature as "self-propping"). The two fault 
zones intersected by the GT-2 borehole—one at 3220 ft and one between 
3550 and 3600 ft—were probably relatively recent (but minor) steeply dip-
ping fault zones that had not been detected when the Fenton Hill site was 
originally investigated.

 At this point, considering that the rate of penetration with air drilling 
was not particularly impressive (5–6 ft/h), that the air compressors, booster 
pumps, and additional personnel required were costly, and that it was 
becoming progressively harder to blow the produced water from the hole, 
the decision was made to evaluate air drilling vs water drilling under 

7In oil-well drilling, water channels and other voids in casing cement are some-
times sealed by the slow pumping of additional cement into (and through) 
the poor-quality cement. As setting of the new cement begins, it causes the 
pumping pressure to gradually increase, which forces the still-plastic cement 
slurry into the remaining voids and channels in the original cement (hence the 
name "squeeze" cement job). However, it is improbable that an open joint (or 
fault zone) in crystalline basement rock can be similarly "squeezed off" with 
cement. Without the pressure needed to dilate the joint intersection with the 

from the slurry; as the water passes through, it leaves a thick buildup of  
dehydrated cement at the joint entrance.
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STC 9JS bits, one with air and the other with water, during which drilled 
footage, drilling time, bit wear, and other key parameters were recorded. 
When the results showed that water drilling had a small but distinct advan-
tage over air drilling (Table 3-2), the decision was made to use water for 
all subsequent drilling operations. On June 2 the air compressors were shut 
down, and two days later the contract with Ingersoll-Rand for compressed 
air was terminated.

Table 3-2. Drilling performance: air vs water

Parameters measured Air as circulating medium Water as circulating medium
Drilled interval 199 ft (61 m) 237 ft (78 m)
Drilling time (h) 39 42

Bit wear 0.25 in. (0.6 cm) 0.125 in. (0.3 cm)
Reamer wear 0.125 in. (0.3 cm) 0.0625 in. (0.2 cm)
Drilling rate 5.1 ft/h (1.6 m/h) 6.1 ft/h (1.9 m/h)
Drill-string weight 
(weight on the bit)

44 000 lb 45 000 lb

Drilling speed (rpm) 40 44

of it probably in the 3550- to 3600-ft zone. In an effort to seal off these 
fault zones, as well as aid in removal of drill cuttings, beginning on June 10 
small amounts of bentonite and lost-circulation material were added to the 

to only about 2.5 gpm.
 With drilling progressing at a steady rate, numerous temperature-logging 
and coring runs were interspersed with drilling runs in a standardized 
sequence, to obtain maximum information on the characteristics of the 
basement rock in the lower section of the hole. At a depth of 4915 ft, the 

used to cut 6 ft of core in less than 2 hours, with 100% core recovery (in 
contrast, the average recovery on the previous six JOIDES coring runs had 
been only 26%). The last three major bit runs—of 313, 239, and 310 ft—
were all uneventful and deepened the borehole to 5979 ft.
 With time, it became possible to predict the life of an STC 9JS bit. At 
40–50 rpm and a bit load of 38 000–42 000 lb, a bit could be expected to 
last about 60 hours and to drill nearly 300 ft (91 m)—an average of about  
5 ft/hr. By that time the bit was usually about 1/4 in. under gauge and 
missing 15–25 buttons, and the bottom reamers were between 1/16 and  
1/8 in. under gauge. For this reason, after about 50 hours of bit rotation, the 
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rate of 5 ft/h was measured, or if the bit began to run rough or torque up, 
drilling was stopped and the bit was changed. In this way, it was possible to 
obtain maximum use from the bits while minimizing the risk of disintegra-
tion (typically the loss of one of the three roller cones, as evidenced by a 
sudden onset of very rough drilling).

July 14, 1974. The total drilled depth was 6356 ft (1937 m). The major 
drilling runs in the basement rock are summarized in Table 3-3, and the 
rock types are shown in the geologic cross section, Fig. 3-4.
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Table 3-3. Major Stage 1 drilling runs in the GT-2 borehole

Drilled depth,  
ft (m)

Drilled 
interval, 
ft (m)

Drilling 
time 
(h)

Rock 
type

Drilling 
medium

Average 
penetration 
rate, ft/h 
(m/h)

2857–3147 
(871–959)

290 
(88.4)

27 Monzogranitic gneiss, 
biotite-granodioritic 
gneiss

Air 10.7 
(3.2)

3182–3463 
(970–1056)

281 
(85.6)

32.5 Monzogranitic gneiss, 
biotite-granodioritic 
gneiss

Air 8.6 
(2.6)

3814–4013 
(1163–1223)

199 
(60.7)

39 Monzogranitic gneiss Air 5.1 
(1.6)

4013–4270 
(1223–1302)

257 
(78.3)

42 Monzogranitic gneiss, 
monzogranite

Water 6.1 
(1.9)

4279–4556 
(1304–1389)

277 
(84.5)

49.5 Monzogranite, 
monzogranitic gneiss

Water 5.6 
(1.7)

4556–4835 
(1389–1474)

279 
(85)

60.5 Monzogranitic gneiss, 
granodioritic gneiss

Water 4.6 
(1.4)

4921–5234 
(1450–1595)

313 
(95.4)

65 Monzogranitic gneiss, 
biotite-granodioritic 
gneiss, biotite-tonalite 
gneiss

Water 4.8 
(1.5)

5240–5479 
(1579–1670)

239 
(72.8)

51 Monzogranitic gneiss, 
biotite-granodioritic 
gneiss

Water 4.7  
(1.42)

5669–5979 
(1728–1822)

310 
(94.5)

55.5 Monzogranitic 
gneiss, hornblende-
biotite schist, 
amphibolite

Water 5.6 
(1.7)
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Fig. 3-4. Geologic cross section of the Precambrian basement and over-
lying formations, showing the geothermal gradient. (Note: the information 

Tables 3-3 and 3-4.)

from the caldera. At this depth, the convection of heat into the overlying 

ground surface—from just over 60°C to about 120°C. The dashed line in 

loss zone was in excess of 1000 gpm (the air compressors were acting as 
lift pumps). Such a high rate of production from this very subhydrostatic 

into (little wonder that it presented such an obstacle to the drilling efforts)!
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Stage 1 Coring
The Stage 1 coring runs are summarized in Table 3-4.
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Table 3-4. Stage 1 coring runs in the GT-2 borehole

Coring  
run

Cored interval, 
ft (m)

Recovery 
(%)

Core bit 
(J=JOIDES type; 
C=Christensen) Rock type

1 2078–2098 
(633–640)

25a J Clay, limestone chips

2 2248–2258 
(685–688)

50a J Shale, limestone chips

3 2547–2580 
(776–786)

35a J Leucocratic quartz 
monzoniteb

4 2580–2600 
(786–793)

33a J Leucocratic quartz 
monzoniteb

5 283 1–2844 
(863–867)

30 J Graniticb

6 2844–2857 
(867–871)

20 J Quartz monzonitec

7 3151–3182 
(960–970)

20 J Biotite granodioriteb

8 3464–3476 
(1056–1060)

17 J Leucocratic quartz 
monzoniteb

9 3694–3705 
(1126–1129)

100 C Leucocratic quartz 
monzoniteb

10 4278–4285 
(1304–1306)

85 C Leucocratic 
granodiorite and quartz 
monzoniteb

11 4892–4897 
(1491–1493)

100 C Biotite trondhjemite, 
leucocratic granodiorite, 
and quartz monzoniteb

12 4915–4921 
(1498–1500)

100 J Leucocratic quartz 
monzoniteb

13 5234–5240 
(1595–1597)

38 J Quartz monzonite, 
granodioriteb

14 5487–5492 
(1672–1674)

90 C Quartz monzonitec

15 5654–5660 
(1723–1725)

92 J Hornblende biotite 
schistc

16 5980–5986 
(1823–1825)

100 J Hornblende biotite 
schistc

17 6150–6156 
(1875–1876)

66 J Quartz monzonitec

18 6156–6162 
(1876–1878)

100 J Quartz monzonitec



Planning, Drilling, and Testing of the GT-2 Borehole 61

Table 3-4. (Continued)

Coring  
run

Cored interval, 
ft (m)

Recovery 
(%)

Core bit 
(J=JOIDES type; 
C=Christensen) Rock type

19 6344–6350 
(1934–1936)

16 J Granodioriteb

20 6350–6356 
(1936–1937)

5 J Granitic chipsc

a Core barrel retrieved via wireline
b Determined from petrographic examination of thin sections
c Determined by hand examination

Source: Pettitt, 1975a 
Note: These core samples were later re-evaluated and the gneissic textures described. The 

assembly—which for the JOIDES program was normally dropped from the 
-

hole. Concurrently, a mechanism was added that would enable the orienta-
tion of a core in the undisturbed rock to be determined. After the failure of 
the two trial wireline-recovery coring runs in basement rock (Runs 3 and 4 in 
Table 3-4), two additional coring runs were made without wireline recovery. 
But core recovery was still poor because cores were jamming in the core 
barrel. Given the time constraints of the project, the continuous-wireline-
recovery coring system was not developed further; the JOIDES core bits 
were used in the conventional manner (the core barrel being tripped out of 
the hole with the drill string following each coring run).
 Unfortunately, the use of harder carbide inserts on the bits and the 
lowering of the core barrel to just above the bit did not improve recovery on 
the conventional coring runs (compare Runs 5 through 8 with Runs 3 and 4 
in Table 3-4). The performance of these bits at Fenton Hill was roughly on a 
par with that attained in the Deep Sea Drilling phase of the JOIDES program 
(about 25% recovery in basalt). Diagnosis of the core recovery problem took 
a fair amount of time, and meanwhile another two coring runs were made 

-
tion, Darrell Sims recalled that the deep ocean basalt cores obtained from 
the (the JOIDES program drilling ship) were typically 
"eye-shaped," with smooth, rounded corners. This phenomenon had been 
explained as exfoliation of the basalt into thin slices as a result of stress 
relief after cutting, followed by "tumbling" in the core barrel. Now, at Fenton 
Hill—in a much different type of rock—similar rounded, "eye-shaped" slices 
of core were being seen. The obvious conclusion was that the core bit itself 
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was causing the problem; examination revealed that it was oscillating later-
ally, breaking off thin slices as it cut out the core. To restrain this sideways 

above the bit.
 The redesigned JOIDES coring assembly with added blade stabilizer 
was employed for all but one of the remaining runs. With the blade stabi-
lizer, core recovery more than tripled, averaging about 84% for coring runs 
12 through 18. This recovery rate was comparable to that achieved with 
conventional diamond bits (about 95%), but the rate of penetration and bit 
life were up to four times greater. (The problems experienced during the last 
two JOIDES runs were related to excessive wear on the blade stabilizer.)

Stage 1 Hydrology Experiments
HDR Project personnel never intended to develop an HDR geothermal 
heat-mining system at the shallow depths and modest rock temperatures 

(down to 6356 ft). At the same time, they recognized that the success of any 
pressurized HDR system would ultimately depend on the ability to access a 
large volume of low-permeability basement rock, capable of containing the 
heat-exchange system without excessive water losses at the boundaries. It 
was for this reason that one of the principal objectives of the GT-2 drilling 
program was to investigate the permeability of the Precambrian rock mass 
at Fenton Hill at depths greater than the 2575 ft reached by GT-1. Such 
investigations seemed particularly warranted in light of the fault zones 
encountered during air drilling at 3220 ft and between 3550 and 3600 ft, 

stem testing was adapted for use under the very tight borehole conditions 
of GT-2 (permeabilities anticipated to be in the low-microdarcy to several-
hundred-nanodarcy range—lower by a factor of at least 1000 than those 
of typical petroleum-bearing formations). This method involves isolating 

producing the formation under several subhydrostatic pressures to measure 
the permeability.
 The intervals of the GT-2 borehole to undergo drill-stem testing were 
selected on the basis of two criteria: smoothness of the borehole wall and 
absence of pre-existing joints intersecting the borehole (the presence of 
intersecting joints often led to enlargement of the hole). Caliper data were 
used to identify the portions of the borehole that were nearest to true gauge, 
the expectation being that these sections would offer better chances for 
seating packers without leakage (and might also be "tighter" than other 
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be plagued with leakage problems: the packers either did not seat properly, 
ruptured against the rough borehole wall, or failed to function for other 
reasons. This "thorn in the side" of the HDR Project would persist for an 
entire year—through the testing periods of the next two stages of drilling.
 Between July 17 and August 4, 1974, following Stage 1 drilling and 
coring, about 16 drill-stem tests were conducted in the 2600- to 2900-ft 
(792- to 884-m) and 4700- to 6200-ft (1433- to 1890-m) depth intervals. 
All of the packers used in these tests were from the Johnston Division of 
Schlumberger, Ltd. Typically, soft rubber packers were used in a straddle 

spacing between packers ranging from 90 to 408 ft (27 to 124 m). This 
testing assembly also incorporated a pressure-balancing feature—a tube 
extending through the packer assembly equalized the pressure between the 
open hole below the lower packer and the annulus above the upper packer, 

addition, this feature gave an immediate indication if the lower packer 

the surface.

were used, but these turned out to be too small to seat properly under the 
applied drill-string compressive load. A slightly larger, 9 1/4-in. (232-mm)-
diameter size proved to be more satisfactory. Even so, the rubber packers 
were often torn and ruptured from being dragged across the rough, irregular 
walls of the drillhole. Typically, at the end of each test, at least one of the 
packers would need to be replaced. Other problems encountered during the 
early tests—malfunctioning equipment, leaking drill pipe, and plugging of 

 The last two tests were done in the lowest section of the hole, with only 
a single upper compression packer (the bottom of the hole acting as the 
lower packer). A string of drill collars was made up, near the top of which 

rested on the bottom; additional string load was then applied to compress 
the upper packer, causing it to expand and seat against the borehole wall. 

water to prevent steam blowoffs, and the main control valve in the MFE 

between the packer and the bottom of the hole. Following the tests, a  
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 Unfortunately, none of the 16 drill-stem hydrology tests yielded any 

be very tight. Indeed, because the basement rock was so tight, no measur-

despite being only qualitative in nature, the tests did indicate that the granitic 
rock had a very low permeability and would be able to contain pressurized 
water with acceptably low leakage rates.

Stage 1 Fracturing (Pressure-Stimulation) Tests
Following the hydrology experiments, several tests were carried out in the 
GT-2 borehole to investigate whether the deeper basement rock could be 

injected into the created fracture as it extended away from the borehole. It 
had been assumed, on the basis of the successful hydraulic fracturing in 
the GT-1 granitic rocks at pressures up to 2000 psi, that there would be 
little trouble doing the same in GT-2. However, the open-hole section of 

the diameter of the granitic section was much larger—9 5/8 in. as compared 

and second, in contrast to the very smooth granitic walls of GT-1 (which 
had been continuously cored with diamond core heads), the rotary-drilled 
walls of GT-2 were quite rough and thus less conducive to tight packer 
sealing. These problems would be a constant source of frustration during 
the hydraulic fracturing attempts in GT-2.
 The results of the hydrology experiments, the condition of the borehole 
wall, and geophysical logging data (which indicate the least-fractured, 
lowest-permeability locations) were all used to select six zones of the open 
hole for the hydraulic fracturing tests. Each zone was selected, and the tests 
carried out, before the next zone for testing was decided upon.
 
 Zone 1 2775–2865 ft (843–873 m)
 Zone 2 2600–2680 ft (793–817 m)
 Zone 3 4730–4880 ft (1442–1487 m)
 Zone 4 4880–5020 ft (1487–1530 m)
 Zone 5 5314–5394 ft (1620–1644 m)
 Zone 6 4617–5153 ft (1407–1571 m)

 Johnston packers were again used for most of the hydraulic fracturing 
tests, at various spacings and, this time (in an effort to control leakage), in a 

zone. The lower pair of packers was held in position by a hook-wall anchor 
at the lower end of the pipe string, and the upper pair was inserted into the 
pipe string at the selected spacing interval.
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 In these early days, the Project had not yet acquired a positive-
displacement pump for fracture initiation and extension tests. Instead, 
water was pumped into the hole by three 10-gal., 5000-psi pressure 
accumulators manifolded together. The flow was regulated by an elec-
tromechanical control valve and could be accurately maintained at rates 
ranging from 1 to 20 gpm (0.06 to 1.3 L/s).

InfoNote
 Throughout this book, we attempt to consistently use the units in which the 
original measurement was made. For instance, if psi was the unit of a pres-
sure transducer or pressure gauge used in a particular operation, the relevant 
text will use psi (sometimes with its MPa equivalent, for the convenience of 
non-U. S. readers). Another example: when pumping equipment belonging to 

-

pumping equipment was used, the unit of measurement was BPM (barrels per 
minute—1 BPM = 42 gpm).

 Figure 3-5 shows the depth at which each fracturing test was carried out 
as well as the type of packer used (plotted by date of test).
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Johnston packers initially hold up to a pressure of almost 1400 psi without 
leaking, but a successful "hydraulic fracture" was initiated. (As discussed 
in Chapters 1 and 2, only several years later would it become clear that all 
Fenton Hill "fractures" were actually pre-existing but resealed joints that 
were being reopened.)
 The opening of this joint was evidenced by a small—but distinct—pres-

observed phenomenon is represented schematically in Fig. 3-6, along with 

from the straight-line compressibility curve for the water in the frac string 

only with additional pressurization does the joint actually jack open against 

fracturing experiments in GT-1 (see Chapter 1).
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 During the August 6 test, the joint initially opened at a pressure of 
1397 psi. Then, as the joint was further opened and extended at a constant 
injection rate of 19 gpm, the pressure dropped rapidly and leveled off at 
1286 psi. The difference between these two pressures—111 psi—was 

wall would have had a breakdown pressure of at least several thousand psi 

this series.

packers were tried higher up in the borehole (Zone 2) and then in the deeper 
Zones 3 and 4. But none of these fracturing attempts were successful: with 
the pumping pressure on the straddled interval reaching only 500–1000 psi 
(below the fracture initiation pressure), the packers leaked so badly that 
the tests could not be continued. For all but the last few tests, the packers 

packer elements (70 durometer) were tried for the last few tests; with these 
elements, the packers withstood pressures as high as 1600 psi (11 MPa) 
before leaking. Drill-stem weights, ranging from 80 000 to 150 000 lb, were 
then added to further compress the packers, but did not stop the leakage. 
This series of tests with Johnston mechanical packers was terminated on 
August 14.
 On August 20 and 21, a two-day pressurization test was attempted in 

the Johnston packers for the next four days of testing.
 Finally, a series of pressurization tests was carried out in Zones 5 and 6 

depth of about 5150 ft, a pressure of 1300 psi (9 MPa) was attained before 
the packers leaked. In a photograph of the upper packer used for this test 

having an inclination of about 70° that had been eroded during drilling 
operations. Also visible is a more steeply dipping joint (the fainter and 
narrower crack inclined in the opposite direction) that was opened during 
this test, probably at a pressure of about 1300 psi (the pumping records 

of the packers to satisfactorily hold pressure, this joint and the one opened 
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Re-opened joint

Washed-out 
calcite-filled
joints

Fig. 3-7. Photograph of the upper Lynes packer (set at about 5100 ft in 
GT-2), showing impressions of two 70° eroded joints and a steeply inclined 
joint opened during the pressurization test of August 30, 1974. 
Source: Pettitt, 1975b

 On August 30, 1974, while awaiting the arrival of new Lynes packer 

decided to drill ahead instead of placing the rig on standby. Besides produc-
tive use of the wait time, this additional drilling would provide a fresh 
section of hole for further fracturing and hydrologic testing. The informa-
tion on the second stage of operations in GT-2 is based mainly on Pettitt 
(1975b and c) and Blair et al. (1976).
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Stage 2 Drilling
After the 6200- to 6356-ft section of the hole had been reamed, drilling 
with an STC 9 7/8-in. TCI mining bit began on August 31 and ended on 
September 5 at a depth of 6696 ft. The hole was then cleaned by circula-
tion of water through open-ended drill pipe, and a Laboratory temperature 
probe was run in through the pipe. Following the pumping of a thick "pill" 
of bentonite and Cellex (about 800 gal.) to the bottom of the hole to reduce 
thermal convection, the drill pipe and temperature probe were set on bottom. 
The bottom-hole temperature, extrapolated from measurements taken over 
the next 20 hours, was 146.2°C. Then a JOIDES core-bit assembly was 
employed to deepen the hole to 6702 ft (this was technically a coring run—
No. 21—but no core was recovered).
 On September 8, 1974, in preparation for hydraulic fracturing, a hydrology 
experiment was conducted below the 6499-ft (1981-m) depth to evaluate the 
permeability of the lower portion of the hole. This experiment, carried out 
at modest pressures for 1 hour, used a compression-set packer assembly that 
rested on the bottom of the hole. It was made up of three Johnston packers at 
the top of a 203-ft section of drill collars, with the bottom of the lowest packer 
at 6499 ft. The lack of any perceptible pressure drop in the shut-in, pressur-

depth interval.

Stage 2 Pressure-Stimulation Tests
Pressure testing of the fresh new open-hole interval at the bottom of GT-2 
afforded an excellent opportunity to clarify whether true hydraulic frac-
tures were being created in intact rock, or pre-existing joints intersecting 
the borehole were being opened. (In this as in all subsequent injection tests 

found that the applied hydraulic pressure was opening existing joints rather 

 After the borehole had been vented, more weight was stacked on the 
compression-set packers and the bottom interval was pressurized to about 
2000 psi—much higher than during the hydrology experiment—in an 
attempt to create a hydraulic fracture. But at this high pressure, packer 
leakage once again forced a shut-in, terminating the test. From surface 
indications, there had been no evidence of hydraulic fracturing during this 
pressurization (no sudden drop in pressure followed by a pressure plateau). 

open-hole packers; previously, pressures in the range of 1300–1600 psi could 
not be attained without severe packer leakage.
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 When the Johnston packer assembly was retrieved, the bottom of the 
lowest packer—set at a depth of 6499 ft—bore impressions of several 
opened joints about 6 in. apart and dipping 70° (a "real" hydraulic frac-
ture—a "hair-line"—would not have been visible on the soft rubber). The 
opening pressure for these inclined joints, therefore, had indeed been 

problems with packer leakage. In fact, given the trouble-plagued history of 
packer usage for hydraulic fracturing to this point in GT-2, it was decided 
that the Lynes packers that had been ordered would not be used for the 
remaining Stage 2 tests. Instead, a scab liner with a polished bore receptacle 
(PBR) on top would be run and cemented in at the top of this new interval.
 Arrangements were made with the Halliburton Oil Well Cementing 
Company, and the work got under way immediately. The bottom section of 

plug was placed on top of the sand to a depth of 6501 ft, and the cement was 

September 10, a 210-ft section of 20 lb/ft, 7-in. steel casing (inner diameter 
6.46 in.) was run in on drill pipe, set onto the plug, and then picked up 

machined inner surface into which the PBR mandrel would seat. The liner 
was cemented in place from its lower end (6498 ft) up to 6288 ft.
 After a 24-hour wait for the cement to set, a 6 1/8-in. bit was run down 
through the liner, the residual cement and cement plug were drilled out, 
and the sand was washed out of the bottom of the hole. On September 13, 
the PBR mandrel assembly was run in on 5 1/2-in. drill pipe and seated 
with a 140 000-lb drill-string weight. The 204-ft open-hole interval below 
the scab liner (6498–6702 ft) that was now isolated for pressure testing 
was referred to as Zone 7. In essence, the failed packers had been replaced 
with a pressure-tight, steel-and-cement "packer," a technique that would be 
employed several more times during the HDR Project when attempts to use 

further pressurization testing at the bottom of GT-2 is shown in Fig. 3-8.
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Temporary pressurization string
(5 1/2-in. drill pipe)

10 3/4-in. casing
12 1/4-in. drilled hole

Cement

9 5/8-in. drilled hole

PBR, 3 1/2 ft long with flared top

7-in. scab liner; 20-lb/ft casing
(later washed over and removed)

Tag cement

Zone 7

6498 ft

6288 ft

2535 ft

2404 ft

6702 ft

PRECAMBRIAN
GRANITIC ROCKS

Fig. 3-8.
liner installation.
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 Pressurization testing in Zone 7 recommenced on September 14, with a 

this series yielded meaningful data. After that test, unfortunately, the surface 
packoff assembly—through which the cable for the downhole temperature 

excursion, but simply a sharp rise in pressure and then an abrupt leveling off 
at about 2500 psi before shut-in. This pressure behavior strongly indicated 
that one or more joints had been opened at or below a pressure of 2500 psi. 
(The quality of the recording was quite poor, obscuring the details of this 
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Fig. 3-9.
cemented-in liner (Zone 7) in GT-2. At a pumping rate of 3 BPM (8 L/s), 

Adapted from Blair et al., 1976

 Since many HDR staff had expected a real hydraulic fracture of unjointed 
granitic rock, at the time this result was not accepted as meaningful. However, 

strongly indicative of a joint opening, with a very sharp rise followed by 

opening is also typical of one for a previously sealed joint. 
 That the opening pressure for the stimulated joint(s) was as high as 

the overburden stress ( 1)—indicating inclined joints that could well 
be at an angle of about 70°. If the joints opened had been near-vertical, 
their opening pressures would have been much lower (closer to the least 
principal earth stress of 1015 psi measured in GT-1—see the discussion 
following Table 1-2 in Chapter 1). 
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 Further evidence that a joint (or joints) had been opened near the top of 

taken below the liner during these injection tests.

InfoNote

resealed joints), hydraulic fracturing of the borehole wall takes place when the 
injection pressure is increased enough to just balance the minimum circumfer-
ential (hoop) stress concentration at the borehole wall (created when rock is 
removed by drilling) plus the tensile strength of the rock. During initial frac-
turing, a pressure "overshoot" occurs that is equal to the tensile strength of the 
rock; then, upon repressurization, the fracture reopens at a pressure equal to 
the minimum stress concentration at the borehole wall.

contains a network of resealed joints. Under pressurization, a favorably ori-

overshoot roughly equal to the tensile strength of the joint-sealing material, 
which is much lower than that of the rock (in the range of 50 to 250 psi). In the 
oil industry, hydraulic fracturing is done in sedimentary rock, which typically 
has a tensile strength on the order of a few hundred to 1000 psi. In contrast, in 
laboratory testing, the Precambrian granitic rocks at Fenton Hill show tensile 
strengths of about 5000 psi, even when some microcracking (from stress relief 
following coring) is present. In the authors' experience over many years at 
Fenton Hill, no true "hydraulic fracturing" was ever observed.

 To repair the leaking surface packoff assembly, the drill string had to 
be raised somewhat, which meant that the PBR mandrel had to be with-
drawn from the PBR. Following the repair work, the mandrel was reset and 

-
after, pumping was again halted and the PBR mandrel was pulled out of 
the hole. Inspection revealed that the nylon chevron seals had been badly 
damaged during the reseating operation. The damage was so severe that the 
PBR sealing approach was abandoned; the rest of the pressurization tests 
in Zone 7 would instead be carried out with a casing packer set inside the 
liner. On September 21, a Baker Oil Field casing packer was run in on drill 
pipe and set inside the liner at a depth of 6325 ft.
 The next two days were occupied with further injection testing. Flow 
into the opened joints was measured by means of a Schlumberger spinner 
logging tool, as water was pumped into the joints in increasing volumes 
(the largest single injection being 4600 gal. [17 000 L] at pressures of about 
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6559–6568 ft (1999–2002 m). From September 25 to 27, these two joints 
 000, 

20 000, and 36 000 gal. (42 000, 76 000, and 136 000 L), again at a maximum 

(It should be noted that the two joints extensively "exercised" during this 
injection testing were different from—somewhat deeper than—those that 

fracturing test, before installation of the liner.)
 One observation from the injection testing in Zone 7 that provoked a 
great deal of discussion was that despite repeated pumping and venting, 

Several theories were proffered: (1) The pressurized joints were connected 
to a permeable, but much lower pressure, zone beyond the borehole that 

with the borehole, like pressure-activated diodes, were snapping shut with 

pressure-dilated joints.
 On a Sunday morning (September 28), when no one else was around, 
Roland Pettitt and Don Brown arranged with the Western Co. to perform 
a sand-fracturing operation. (In those days, such operations were possible 
without much procurement hassle—just the approval of Harry Allen, then 
director of the Supply and Property Division!) Pumping proceeded at a rate 
of 9 BPM (24 L/s), injecting 4500 gal. of treated water into the joints of 
Zone 7 (the water had been jelled with a cross-linked polymer mixed with 
9500 lb of sand, for a sand loading of just over 2 lb/gal.; the polymer effec-

Because the mixture was highly viscous, the pumping pressure rose to 
about 2950 psi during this "treatment," opening the joints even wider. 
Following injection, the pump was shut in and the borehole immediately 

was returned in less than an hour, and continued venting recovered another 
8%, for a total recovery of 98%!

 Note: With the Western pump truck still on site, this would have been 
an ideal time for an injection test to determine the low-rate (3/4–1 BPM) 
injection pressure for the sand-propped joints. Unfortunately, this unique 
opportunity was missed.

 This ad hoc experiment demonstrated the validity of the third theory—

being an interesting experiment in its own right, it would have a profound 

recognition that the near-wellbore outlet impedance was controlled by joint 
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"snap shut" as a result of the injection pressure falling below the jacking 
pressure—i.e., below the closure stress normal to the plane of the joint.
 By this time, it seemed obvious to some of the HDR staff that hydraulic 
pressure was opening pre-existing joints, not creating new vertical frac-
tures. But for others—including Mort Smith, the HDR Project Manager, 
and several other high-level Project staff—the "penny-shaped fracture" 
theory still held sway. According to this theory, the way to develop a large 
HDR reservoir was to create a series of  vertical fractures from 
an inclined borehole.8 One of the ideas proposed to control the spacing of 
such an array of "penny-shaped" fractures was to fracture through discrete 
sets of perforations in casing, a method that appeared to offer a more 

the reservoir than an open-hole completion. This idea was purely experi-
mental; at the time, there was no established "theory" for fracturing crystal-
line rock through perforations (nor is there today!). A few of the HDR staff 
had hypothesized that because the jet-cut holes in the casing would extend 
at least several inches into the rock—beyond the high-stress region immedi-
ately next to the borehole—one might reach a point at which true hydraulic 
fractures would be initiated. They also surmised that in the absence of any 
overriding rock tensile strength, the pressures required to initiate fracturing 
might be somewhat lower. Thus, with the scab liner already cemented in 
place, the joints below it having been thoroughly exercised, and the cost 

attempt at fracturing granitic rock through perforations in casing.
 On September 30, eighty jet perforations were made in the cemented-in 
liner over a small (10-ft) zone: from 6370 to 6380 ft. A Johnston straddle 
packer assembly was then lowered into the hole and set over the 6345- to 
6390-ft interval, bracketing the perforated zone. When this zone was 
pressurized with the Western Co. pump, the pressure rose to 1850 psi 

packer assembly, and there was no evidence of hydraulic fracturing of the 
rock exposed behind the perforations. The assembly was removed, and a 
Baker packer was set in the casing above the perforated zone, at 6330 ft. 

8Nine years later, in the late fall of 1983, Dr. John Whetton (then division leader of 
the Earth and Space Sciences [ESS] division and manager of the HDR Program), 
Dr. Hugh Murphy, group leader of ESS-4 (Geoengineering), and Don Brown, 
project manager for HDR operations at Fenton Hill, visited the Halliburton 

-
turing Test at Fenton Hill. To a man, the Halliburton experts were convinced 
that a fresh and continuous vertical fracture could be created in the deep crystal-
line basement at Fenton Hill—despite the evidence to the contrary presented by 
Don Brown (showing that the multiple attempts to create hydraulic fractures 
had succeeded only in opening pre-existing joints).
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But, the sand-propped joints below the liner were left exposed to the pres-

having to install a bridge plug below the perforated zone (the plug would 
have had to be shipped to the site from Farmington); and second, because 
it was assumed that joints in the rock behind the perforations would open 
at a pressure lower than the 2500 psi at which the sand-propped joints had 
initially been opened (on September 14). The Western Co. pump was used 
to pump water into the hole for one hour at a low rate of 3/4 BPM (2 L/s) 
and a maximum pressure of 1950 psi (13.4 MPa). The system was shut in 
for 15 minutes, then vented. About 92% of the 2012 gal. of injected water 
was recovered.

-

most if not all of the injected water had gone not through the perforations—
as some of the HDR staff had predicted—but into the sand-propped joints 
below the liner. To satisfy those few who still insisted that even a single 
fracture might possibly have been created through the perforations, this 

joints below the liner and the supposed fracture. On October 2, the Baker 
packer was run in on drill pipe and set in the liner at a depth of 6432 ft, 
below the perforations (thereby exposing the perforated zone to the annulus 
outside the drill pipe), and Zone 7 was pressurized once again. The pumping 
continued for 2 hours at a rate of 3/4 BPM (2 L/s) and injection pressures as 
high as 2185 psi. Despite the prolonged pumping and high pressure, abso-

below the liner was then vented, and within 5 hours 85% of the injected 

was devised to straddle the 6370- to 6380-ft perforated zone. The drill pipe 
was made up with a bridge plug on bottom and a Baker packer above, then 
run into the hole and set with the top of the bridge plug at 6432 ft and the 
bottom of the packer at 6328 ft (a straddled interval of 104 ft). The Western 
Co. pump was then used to pressurize the rock behind the perforated zone. 
After several "false starts" due to pump problems, pressurization became 
steady at a rate of 4 BPM (11 L/s). During this fracturing test, a joint indeed 
was opened through the perforations, at about 6375 ft—but only with pres-
sures far above any used previously. As shown in Fig. 3-10, the pressure 
reached a maximum of 3860 psi (26.6 MPa). But even at this high level, 

had taken place. Starting about 20 minutes into the test, the pressure rises 
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maximum and then gradually decreases as the pressure-dilated portion of 
the joint grows. This behavior made it obvious that one of the perforations 
in the rock had intersected a joint, facilitating its opening through hydraulic 
pressurization. A total of 2470 gal. of water was injected into this joint over 
the course of the test.
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Fig. 3-10. Pressure stimulation through perforations in casing: pressure 

6370- to 6380-ft depth interval of the GT-2 borehole.
Source: Blair et al., 1976

 By now, the HDR staff were becoming aware that to locate joints having 
low opening pressures, a far greater number of joints would need to be 
accessed—which would require pressurizing an interval much longer than 
10 ft. The joint opened through the perforations, at a depth of 6375 ft, had 

Zone 7, below. Evidently the component of the vertical stress acting perpen-
dicular to it was greater, indicating that it was more inclined toward the 
horizontal than the Zone 7 joints. Conventional analytical techniques were 
used to determine the probable inclination of this pressure-stimulated joint: 
Given a roughly north–south direction (orthogonal to the least principal 
earth stress of 1240 psi), and with the maximum earth stress being vertical 
and equal to the overburden stress, one can easily calculate the inclination 
of the joint—about 40° from the vertical.
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 The next day, the bridge plug and packer assembly were loosened and 
lowered, and the packer was reset at 6422 ft (below the perforations). This 
bottom section of the hole was then pressurized to 2200 psi (15.2 MPa) at 

communication between the joint that had been opened through the perfora-
tions and those in the zone below the scab liner. When a brief but rapid rise 
occurred in the annulus water level, followed by a smaller, steady discharge 

very tenuous) that a small amount of water was being "squeezed" out of 
the joint behind the perforations as the sand-propped joints below the liner 
were pressurized.

___________________________

 The Stage 1 and 2 hydrology tests and pressure-stimulation experiments 
showed that true rock fracturing had not taken place in GT-2, but rather pre-
existing joints had been opened and extended (dilated). Another observation 
was that although the rock at depth appeared to be extensively jointed, the 

Fenton Hill site was judged to be suitable for the development of a deeper 
HDR system.

Another Revision to the Plan
Considering what it had already cost to drill GT-2 to this depth, and the rela-
tively low incremental cost to further deepen this exploratory borehole, the 
Project staff decided to continue drilling to about 9600 ft—at which depth 
the rock temperature was estimated to be about 200°C. This additional work 
would provide information on the geology, hydrology, and character of the 

HDR heat extraction. Accordingly, a schedule was drawn up for a third stage 
of drilling, including coring, testing, and post-drilling diagnostic logging 
operations. Previous experience suggested that each bit would be able to drill 
about 500 ft of hole in three days. The plan was to drill to depths of approxi-
mately 7920 ft, 8420 ft, 8930 ft, and 9440 ft; at each of these depths, the hole 
would be circulated clean, a 24-hour bottom-hole temperature measurement 
would be taken, and a 10-ft core would be cut.
 Once the drilling of GT-2 was complete, a longer (600-ft) scab liner/PBR 
assembly would be cemented in just off bottom. This assembly would pro-
vide a very good platform for pressure stimulation of the basement rock 
below the liner, eliminating the problems and uncertainties encountered 
so frequently with the unreliable open-hole packers. It would also offer 
a standard environment for anchoring and setting the much more reliable 
high-temperature, high-pressure casing packers (if needed). Finally, it 
would make available a test interval long enough to thoroughly investigate 
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fracturing through perforations. The suggestion was also made that, should 
fracturing through perforations succeed in creating a large joint system that 
was connected to the joint(s) below the liner, it might be possible to set up a 
one-hole circulation experiment. By pumping through drill pipe and a deep-
set packer into a zone below the liner, water would be circulated up through 
the interconnected joints, through the perforations above the packer, and 

various options, an extensive series of hydrology, geophysical, and pres-
surization tests was planned to follow the third stage of drilling.
 The information on Stage 3 operations is abstracted largely from Pettitt 
(1975b and c), Blair et al. (1976), and Smith (in preparation).

Stage 3 Drilling
After the bridge plug and packer assembly had been removed from the 
GT-2 borehole, preparations began to remove the scab liner. A washover 
drilling assembly was put together and run into the hole on drill pipe, but 

rock was extremely hard (typically, washover operations are employed in 

outer diameter of the PBR section at the top of the liner was almost equal 

had been welded to the outside of the liner extended almost to the borehole 
wall. On two different occasions, the washover bit became stuck and then 

from the hole. A full-face, 9 7/8-in., STC Q9 (TCI) mining bit with a junk 
basket was then run in to ream out the residue of the cement that had held 
the liner in place. By early on October 12, the bit had reached the hole 
bottom at 6702 ft.
 Drilling now proceeded, with a new STC Q9 bit and water as the circu-

became very erratic, an indication that considerable junk remained at the 
bottom of the hole from the washover operation. The bit was pulled and 
a magnet was run into the hole, which retrieved a large number of metal 
chips. Drilling then resumed, with another STC Q9 mining bit. By October 
16, this bit had reached a depth of 7102 ft, having drilled 385 ft in 48 actual 
drilling hours—or 8.0 ft/h. (Five additional magnet runs and three viscous 
mud sweeps had been interspersed with the drilling, to further clean the 
hole of metal particles.)

up with a 9 5/8-in. × 4 1/2-in. Christensen diamond core bit. Coring of a 
2-ft interval, from 7102 to 7104 ft (Coring Run 22) obtained approximately 
75% core recovery (a 6-in. stub of core was left at the bottom of the hole 
when the assembly was pulled). On October 18, drilling recommenced with 
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the last available 9 7/8-in. STC Q9 mining bit. During this run, while the bit 
was drilling at a depth of 7107 ft, the drill pipe broke at a tool joint at about 

then resumed with the same bit, taking the hole to a depth of 7485 ft. This 
STC bit averaged 5.6 ft/h in 67 hours of drilling.
 The Arab oil embargo of 1973 had given rise to a huge upsurge in 
domestic oil drilling, and a consequent shortage of drilling equipment—
including the 9 7/8-in. STC bits that had been used for Stage 3 drilling to 
this point. For this reason, the remainder of the Stage 3 drilling program 
was carried out with Dresser-Security 9 5/8-in. H10J bits. On a rock-
hardness scale of 1 to 10, these bits were designated 10: capable of drilling 
the hardest, most competent rock types (such as chert, quartzite, taconite, 

better than the rates achieved with the STC bits. Following this bit run, the 
bottom-hole temperature was measured over a 24-hour period; the recov-

 After a short coring run—only 1 ft—with a Christensen diamond bit 
(Run 23), drilling began again on October 29 with a new H10J bit. Eighty-
one hours and 658 ft later, the hole depth had reached 8577 ft—again at a 
very respectable rate for penetration of granitic rock, 8.1 ft/h. When the bit 

but all three cones were still reasonably tight, indicating minimum wear 
of the bearings. At this depth, the deviation of the hole from vertical was 
2 1/8°, in a westward direction. Following a 24-hour bottom-hole tempera-
ture measurement, a JOIDES bit was used for a 10-ft coring run (No. 24), to 
8587 ft; core recovery was 70%.
 A break in drilling, between November 4 and 7, was used to return to a 
joint previously opened higher in GT-2—in the 6535- to 6564-ft interval, 
within Zone 7. In an attempt to determine the orientation of that joint, 
several runs were carried out with Lynes impression packers. The most 
successful of these yielded an impression about 4 ft long, of a vertical joint 
centered at 6535 ft; this no doubt was the upper "inclined" joint identi-

short (11-ft) intersection with the borehole. However, the impression 
packer now showed it to be vertical, but truncated at the top and bifurcated 
at the bottom (Fig. 3-11). The orientation of this joint was found to be 
approximately northeast–southwest—a somewhat surprising result given 
the direction of the least principal earth stress at this depth (inferred to 
be east–west, roughly orthogonal to the normal faulting exhibited by the 
caldera ring-fracture zone immediately to the east).
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Fig. 3-11. Lynes packer showing impression (enhanced by chalk rubbing) 
of a vertical joint centered at 6535 ft.
Source: Pettitt, 1975c

 Note: During a later attempt to determine the orientation of the "target" 
joint opened at about 9600 ft in GT-2,9 the NE–SW orientation of the joint 
at 6535 ft would be invoked. But the underlying assumption, that the orien-
tation of the higher joint could be extrapolated downward more than 3000 ft 
to the bottom of GT-2, was a misguided one and would confuse subsequent 
efforts to determine the best trajectory during directional drilling of EE-1 to 
intersect the target GT-2 joint.

9See  below.
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 Drilling began again on November 7, but two days later, at a depth 
of 8842 ft, problems developed with the rotary swivel. The swivel was 
replaced, a new H10J bit was run in, and over the next 75 hours the bore-
hole was deepened by 672 ft, to 9514 ft. When the bit was pulled after this 
very long bit run in very hard granitic rock with only water as the circu-

only slightly loose—a remarkable performance even by today's standards.
 The next two days were spent measuring temperatures within the bore-
hole, for use in formulating the cement for the planned installation of a 

with a specially fabricated, low-conductivity phenolic end section, for better 
thermal insulation of the temperature sonde from the drill pipe (this end 
section, having a diameter nearly that of the borehole, would also inhibit 

wall). Following the temperature measurements, two JOIDES coring runs 
(Nos. 25 and 26) deepened the hole to 9537 ft.
 On November 19, a 10-ft-long, 7 7/8-in.-diameter pilot hole was drilled 
from the bottom of the 9 5/8-in.-diameter borehole to provide a ledge 
for landing the liner. The bit was then pulled and replaced with a coring 

took some 8 hours to cut 2.7 ft of core. When the coring assembly was with-
drawn from the hole, only the inner core barrel (no core) was still attached; 
the outer core barrel, the core bit, and the stabilizer had been left at the 
bottom of the hole.

the hole when the hydraulic brake on the drilling rig failed and the traveling 
block (with 9200 ft of drill pipe attached) fell onto the rotary table. Although 
the drill pipe remained in the elevators and was caught at the rotary table, 
the severe jolt caused a tool joint to separate, sending the bottom 4000 ft of 

as well (once it was out, 85 of the joints required straightening). Finally, 

and stabilizer were not recovered. Milling and washover operations, which 
continued until December 7, ground up both—along with any core that had 
been cut. The bottom of the hole was then cleaned up by drilling ahead to a 
depth of 9581 ft (2920 m) with a 9 5/8-in. TCI bit.
 On December 8, a new pilot hole was drilled to create the ledge for 
landing the scab liner. This time the hole was centralized; it was drilled 5 ft 
deep with a 7 7/8-in. bit made up on the bottom of a 9 5/8-in. stabilizer. On 
the last day of drilling in GT-2, December 9, 1974, the 7 7/8-in. pilot hole 
was deepened another 33 ft to provide a 38-ft open-hole section ("rat hole") 

borehole ever drilled in granitic rock. It was probably also the hottest: the 
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equilibrium bottom-hole temperature measured at 9607 ft was 197°C, and 
the geothermal gradient was 60°C/km (compared with 50°C/km at about 
6000 ft). On the basis of information derived from deviation and directional 
surveys, the bottom of GT-2 was calculated to be offset from the surface 
location by about 360 ft, to the northwest.
 With Stage 3 drilling complete, the 608-ft, 7 5/8-in. scab liner, with a 
PBR assembly at the top, was successfully landed on the ledge at 9581 ft 
and cemented into the hole. (Although the casing was slightly smaller in 
diameter than the centralized 7 7/8-in. hole below it, the pull of gravity 
held the casing to the low side of the modestly inclined borehole.) Once 
set, the cement in the liner and in the open-hole interval below the liner 
was drilled out with a 6 3/4-in. bit. A system was then designed to enable 
pressure stimulation of the open-hole region below the liner after release 
of the drilling rig: a string of 4 1/2-in.-diameter, high-pressure casing with 
a PBR mandrel on bottom was run into the hole and stabbed into the top 
of the PBR. Testing showed that the casing assembly and the liner were 
pressure-tight. On December 20, the drilling rig was released.
 Table 3-5 shows the major Stage 3 drilling runs, and Table 3-6 shows 
the Stage 3 coring runs. Figure 3-12 is a schematic representation of the 
completed GT-2 borehole.

Table 3-5. Major Stage 3 drilling runs in GT-2

Drilled depth,  
ft (m)

Drilled 
interval,  
ft (m)

Drilling 
time 
(h) Rock type

Average 
penetration 
rate, ft/h 
(m/h)

6717–7102 
(2047–2165)

385 
(117)

48 Biotite-granodioritic 
gneiss, biotite-tonalite 
gneiss

8.0 
(2.4)

7107–7485 
(2166–2281)

378 
(115)

67 Biotite-tonalite gneiss, 
biotite-granodioritic 
gneiss, monzogranitic 
gneiss

5.6 
(1.7)

7485–7918 
(2281–2413)

433 
(132)

58.5 Granodioritic gneiss, 
monzogranitic gneiss

7.4 
(2.3)

7919–8577 
(2414–2614)

658 
(200)

81 Monzogranitic gneiss, 
biotite granodiorite

8.1 
(2.5)

8587–8842 
(2617–2695)

255 
(78)

30.75 Biotite granodiorite 8.3 
(2.5)

8842–9514 
(2695–2900)

672 
(205)

75 Biotite granodiorite 9.0 
(2.7)
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Table 3-6. Major Stage 3 coring runs in GT-2

Coring 
run

Cored interval, 
ft (m)

Recovery 
(%)

Core bit 

C=Christensen) Rock type*
22 7102–7104 

(2164.7–2165.3)
75 C Biotite tonalite 

monzogranite

23 7918–7919 
(2413.4–2413.7)

100 C Leucocratic 
monzogranite

24 8577–8587 
(2614–2617)

70 J Biotite 
monzogranite 
pegmatite

25 9519–9527 
(2901–2904)

50 J Biotite  
granodiorite

26 9527–9537 
(2904–2907)

50 J Biotite 
monzogranite

* All rock types were determined by petrographic examination of thin sections.

 Note: As mentioned earlier, after the creation of ERDA in January 1975, 
the plan for GT-2 as an exploratory borehole and, later, for reservoir inter-
rogation—separate from the HDR circulation loop—was abrogated by 
Division of Geothermal Energy (DGE) management at ERDA headquarters 
in Washington, DC. Instead, GT-2 was to become the first "leg" of the circu-
lation loop, i.e., the reservoir creation and injection well. However, several 
role reversals and two redrillings later, GT-2 would finally end up as the 
production well for the Phase I reservoir.

(J=JOIDES-type; 
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20-in. conductor casing
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13 3/8-in. surface casing
17 1/2-in. drilled hole

10 3/4-in. casing
12 1/4-in. drilled hole
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cemented in place

4 1/2-in. high-pressure casing
(3.96-in. ID)

Fig. 3-12. The GT-2 borehole, as completed in December 1974. 
Source: Blair et al., 1976
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Physical Properties of the Rock Matrix 
(as Derived from GT-2 Cores)
With the GT-2 borehole completed to a depth of 9619 ft, the core samples 
that had been taken intermittently during drilling were analyzed for infor-
mation regarding the properties of the rock matrix. As noted earlier, core 
materials do not generally yield data relevant to reservoir development and 

In Situ Permeability (Inferred from Laboratory Measurements)
The  permeability of the crystalline rock matrix is stress-dependent 
and determines how much water will be lost by diffusion to the region 
beyond the boundary of the pressure-dilated reservoir. Despite its impor-
tance in computing this loss, permeability is generally not included 
in descriptions of the physical properties of crystalline rock because, being 

particularly true at the very high stress levels of interest—those representing 
deep  conditions, under which the matrix permeability is completely 
controlled by the network of interconnected, pre-existing microcracks. 
But when the rock is removed from its deep environment by coring, these 
stresses are relieved, strain relaxation (expansion) takes place, and a fresh 
fabric of microcracks overprints and completely dominates the  
fabric. The only way to replicate the  conditions is to reclose the new 

a cube cut from the original core, must be repressurized in a special triaxial 

be measured. Unfortunately, one can never be entirely certain that the fresh 
microcracks have been closed precisely enough to eliminate some minor 

 Only a very few researchers, such as Gene Simmons at MIT and those 
rock mechanics specialists working with the HDR Project at Los Alamos, 
have attempted to obtain relevant permeability values by such a technique. 
The permeabilities for two GT-2 core samples measured in this way at 

24°C up to 5000 psi (34.5 MPa). As shown, the difference in permeability 
between the two samples is close to an order of magnitude, suggesting 

samples changed very rapidly: they dropped by an order of magnitude as 
the fresh set of microcracks was being reclosed.
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Fig. 3-13.
(based on two granitic core samples from GT-2).
Adapted from HDR, 1978

Microcrack Porosity
As with the matrix permeability, the microcrack porosity of the crystalline 
matrix must be measured under conditions of  stress. The data shown 
in Fig. 3-14, based on the work of Gene Simmons at MIT, shows how 
porosity values vary according to depth of core retrieval. The apparent large 

the measurements, but the vagaries in recovery and handling of the core 
samples. The surprising result from these measurements is that the average 
deep porosity at Fenton Hill is on the order of 0.0001 (0.01%)—100 times 
smaller than porosity values typical of "tombstone" granites.
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Fig. 3-14.  microcrack porosity as determined by differential strain 
analysis (after Simmons and Cooper, 1977).

Thermal Conductivity
The predominant heat transfer mechanism within an HDR reservoir is 

conductivity ( ) of the rock matrix, which is primarily dependent on the 
matrix mineralogy, is used in thermal modeling of the reservoir (to calcu-
late the transfer of heat from the interiors of the rock blocks to the joint 
surfaces). Table 3-7 summarizes the thermal conductivity results obtained 
from GT-2 cores.

Table 3-7.
Depth (ft) 0°C 50°C 100°C 150°C 200°C 250°C

 Parallel to core axis*
2580 3.785 3.475 3.206 2.998 2.820 2.680
4918 3.800 3.475 3.209 2.981 2.797 2.646
5964 2.900 2.714 2.565 2.440 2.341 2.260
6153a 3.475 3.222 2.992 2.836 2.713 2.608
6153b 3.413 3.143 2.921 2.735 2.584 2.466
6156 2.908 2.777 2.625 2.503 2.393 2.292

 Perpendicular to core axis*
8579 3.125 2.990 2.852 2.750 2.660 2.595
9608 3.115 2.906 2.728 2.587 2.473 2.376

*A cut bar comparator was used for the parallel measurements and a needle probe for the 
perpendicular measurements. 

Chapter 3   Phase I Drilling and Initial Attempts



Planning, Drilling, and Testing of the GT-2 Borehole 89

 These conductivity values compare quite favorably with those in stan-
dard handbooks listing rock physical properties (e.g., S. P. Clark, 

, 1966). The variation with temperature—an average 

measured—is in particularly good agreement with the values given in this 
handbook for Barre and Rockport granites (–17% and –23%) and for quartz 
monzonite (–22%).

Other Physical Properties
A number of other physical properties (including density, P-wave and 
S-wave sonic velocities, and elastic parameters) were measured on samples 
from 17 cores taken in the 2570- to 5240-ft (780- to 1600-m) depth interval 
of the Precambrian basement rock in GT-2.
 Densities were determined in the laboratory by the U. S. Bureau of 

logs collected by a service company (Table 3-8).

Table 3-8. 

Sample depth, ft (m)
                           Density (g/cm3)
U. S. Bureau of Mines Laboratory Field logs

2580 (786) 2.64 2.70
2600 (792) 2.66 2.71
2844 (867) 2.62 2.64
2857 (871) 2.61 2.64
3151 (960) 2.66 2.68
3464 (1056) 2.61 2.62
3697 (1127) 2.63 2.63
4279 (1304) 2.63 2.60
4894 (1492) 2.64 2.59
4915 (1498) 2.64 2.64
5234 (1595) 2.69 2.55

 The ambient-temperature P-wave and S-wave velocities were also 

(Table 3-9) did not show such close agreement. The laboratory-measured 
-

able primarily to the superimposed array of fresh, stress-relief-derived 
microcracks in the cores.
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Table 3-9.
(averaged values)

Sample depth,
P-wave velocity 

(km/s)
S-wave velocity 

(km/s)
ft (m) Lab Field Lab Field
2600 (792) 5.89 6.03 3.43 3.43
2850 (869) 5.88 6.33 3.47 3.52
3151 (960) 4.98 5.78 2.91 2.97
3464 (1056) 5.66 6.02 3.19 3.43
3697 (1127) 5.87 5.86 3.49 3.51
4279 (1304) 5.86 5.99 3.43 3.49
4894 (1492) 5.85 5.93 3.47 3.52
4915 (1498) 5.53 5.98 3.39 3.54
5234 (1595) 5.90 6.03 3.42 3.56

 The P-wave and S-wave velocity data were then used to calculate aver-
age elastic parameters (Table 3-10).

Table 3-10. Average elastic parameters, as derived from P-wave and S-wave 
velocity data
Elastic parameter Lab Well log
Young's modulus (GPa) 71.6 78.7
Shear modulus (GPa) 30.2 31.4
Bulk modulus (GPa) 47.0 54.1
Poisson's ratio 0.257 0.255

Stage 3 Hydrology Experiments
Static hydrology testing in the rat hole, to estimate the permeability of the 
exposed rock mass, began on January 8, 1975. At that time, the water level 
in the 4 1/2-in.-diameter high-pressure casing string was at 120 ft below 
the ground surface, whereas the level in the annulus around it (above the 
scab liner) was at 325 ft below the surface. The fact that the two levels had 

-
tion of GT-2 indicated that the casing string and PBR were pressure-tight. 
Observations throughout the next week revealed that the level in the casing 
(the inner diameter of which was 3.96 in.) was dropping about 5 ft per day, 
while that in the annulus was dropping about 7 ft/day.

approximately 6600 ft of exposed borehole—is of course open to much 
interpretation because there are so many unknowns: the wall of the borehole 
was intersected by a number of open joints of unknown surface area that 
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were pressure-stimulated during earlier experiments; it had been exposed 

into microcracks in the rock matrix along the entire borehole wall and some 
into joints—took place over a protracted period and at varying water levels. 
These many unknowns rendered rock permeability analyses almost impos-
sible for the extensive section of exposed borehole above the liner.
 However, for the rat hole, which was drilled nine months after the 
beginning of drilling and testing in the basement rock, the permeability 
of the rock adjacent to the borehole surface is much easier to estimate. 

penetrated the borehole wall to a depth of about 3 cm, one can derive a 
rock permeability on the order of 0.01 microdarcy—very low indeed. Core 
permeability measurements (see Fig. 3-13) proved to be in good agreement 
with this estimate.
 Three pressurization hydrology experiments took place on January 28, at 
surface pressures of 400, 800, and 1200 psi (below the joint-opening pres-
sure of about 1400 psi), but no data or analyses were reported for these 
experiments.

Stage 3 Pressure-Stimulation Tests

January and May 1975 in the 38-ft rat hole (at the bottom of GT-2, below 
the cemented-in scab liner) are summarized in Figs. 3-15 and 3-16.10 Their 
purpose was to obtain data that could be used to

develop techniques to determine the orientation of a "hydraulic  
fracture" and measure its surface area during each stage of extension.

 It appears that over the course of these tests, one favorably oriented, 

concept of the penny-shaped vertical fracture still dominated the thinking of 
the Project staff.)

These included pressurization, constant-pressure, and pressure-decay 
tests, at surface pressures ranging from 400 to 1600 psi (and one brief—
unplanned—excursion to 1750 psi on March 8).

10 -
ular experiments, no additional information is available from the reports of the 
time, except for some brief notes in Mort Smith's 
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Fig. 3-15. Pressurization testing in the bottom 38 ft (rat hole) of the GT-2 
borehole, January 25–March 16, 1975.
Source: Blair et al., 1976

With the pressure held at that level, 200 gal. of water was injected, indi-
cating that a joint intersecting the rat hole (at a depth of about 9600 ft) had 
been opened by pressure-stimulation. The joint was then vented all the way 
down to zero pressure. Over the next several weeks, each time the rat hole 
was repressurized (to slightly higher levels—on the order of 1500 psi) and 

vertical, unsealed or reopened ancient joint (not a true hydraulic fracture). 
In addition, water loss from the pressurized volume was very small, indi-

permeability of its exposed surfaces was very low.
 An inadvertent pressurization of the rat hole to 1750 psi on March 8 further 
opened and extended this joint, to a volume of about 800 gal. It appears that 
this near-vertical joint was oriented approximately perpendicular to the least 
principal earth stress at that depth (1240 psi above hydrostatic pressure).11 
If this was indeed a single joint, its radius, calculated on the basis of elastic 
fracture mechanics, would have been about 100 ft. The permeability of the 

11This value for the least principal earth stress at 9600 ft in GT-2 is not much larger 
than the mean 1015 psi measured at 2428 ft in the GT-1 borehole, demonstrating 
that at Fenton Hill, the least principal earth stress does not vary greatly with 
depth. This observation is consistent with the expected tectonic stress environ-
ment for the extensional Rio Grande Rift immediately to the east.
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dilated joint's surfaces and, most important, of its sealed periphery, was 
very low—about 0.3 microdarcy (but still higher than the 0.01 microdarcy 
calculated for the wall of the 38-ft rat hole before stimulation).
 The next series of tests took place from mid April through early May 1975 
(Fig. 3-16). On April 21, some 1600 gal. of water was pumped into the rat 
hole at 8.5 gpm. The pumping pressure reached 1700 psi and was held there 
for 3 hours, during which time a number of seismic signals were observed 
at the surface (an indication that the joint was pressure-dilating and probably 
undergoing some shear displacement). The hole was then shut in overnight 
and the pressure decay recorded. The next day the system was vented and 
the procedure repeated, with similar results—except that the amplitude 
of the seismic signals and the rate of pressure decay were both smaller. It 

joint—to a calculated radius of about 200 ft—whereas the second set (after 

the Phase II reservoir, and is probably attributable to a localized increase in 
-

what permeable—joint. As Mort Smith observed, this effect might prove 
useful for broadening the pressure range over which a circulation loop could 
be operated without causing uncontrolled extension of joints (a very percep-
tive observation for this early stage in pressure testing of opened joints!).
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Fig. 3-16. Pressurization testing in the bottom 38 ft (rat hole) of the GT-2 
borehole, April 15–May 10, 1975.
Source: Blair et al., 1976
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 Another important observation of Mort Smith's at this time was that 
the geology of the Precambrian basement was much more complex than 
previously thought. The bottom 1120 ft of the GT-2 borehole traversed a 
very uniform, intrusive granodiorite, which—like the basement rock above 
it—was criss-crossed by many ancient joints. But because these joints 
were all tightly sealed with secondary minerals, the rock mass had very 
low permeability, making it well suited for the containment of a pressurized 
circulation loop.
 Water-loss measurements were used to assess how pressurization was 

a surface pressure of 600 psi, the rate of water loss from the rat hole was 
1 gpm; at 900 psi it was 4 gpm; and at 1200 psi it was 5.6 gpm. A total of 
600 gal. of water was injected in this series of tests, of which about half 

obvious conclusion is that at this depth, water losses from a pressurized 
circulation loop should be very low.

August, 1975 (Fig. 3-17), to further study fracturing through perforations 
(it would be the last such effort; with its termination, this reservoir comple-

tests even included an attempt to grow two "fractures" simultaneously—by 
pressurizing them at the same time—with the hope of fracture coalescence 
(if the "fractures" were truly vertical, they would be almost coplanar in a 
borehole inclined only 2° from the vertical).
 To prepare for the testing, the 4 1/2-in. casing string was removed from 

9150, 9250, 9350, 9450, and 9550 ft) were perforated. For each pressuriza-
tion, a Baker straddle packer assembly was set across a selected perforated 
zone (each zone was pressurized several times). The lowest opening pres-
sures recorded—on the order of 1800 psi—were for Zone B (centered at 
9250 ft), indicating that this zone contained, or was closely connected to, 
the most favorably oriented joint(s) pressurized during these tests. Toward 
the end of the tests, the joints at 9450 ft and 9550 ft were pumped simul-
taneously (see D+E in Fig. 3-17). Then the lower joint (E) was pressurized 
by itself, but there was no evidence of communication with the upper joint. 
However, because the lowest perforations apparently had become plugged 
with drill cuttings, the pressure rose to nearly 5000 psi, making this test 
inconclusive.
 With each pressurization, the result was somewhat different, but the tests 
did demonstrate that higher pressures—higher than those required to open 
and extend the favorably oriented joint exposed in the rat hole below—were 

that brought an end to such tests. In addition, in about a third of these tests, 
the packers leaked or ruptured (most of these were not even recorded and 
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Fig. 3-17. Results of "fracturing" through perforations in the scab liner in 
GT-2, July and August 1975.
Source: Blair et al., 1976

Planning, Drilling, and Testing of the EE-1 Borehole

The Drilling Plan
The original drilling plan for EE-1, the designated production well for the 
two-hole circulating system, called for the upper part of the hole to be offset 
from GT-2 by about 250 ft to the north, and drilled nearly vertically to a 
depth of about 7000 ft. (This part of the plan assumed that EE-1 would drift 
off to the northwest as GT-2 had done, following a more or less parallel 
path.) Then, conventional directional-drilling techniques would be used to 
gradually rotate the lower portion of the borehole to the south until it inter-
sected the upper part of the large joint opened at a depth of about 9600 ft 
near the bottom of GT-2 (the concept shown in Fig. 3-1). This joint was 
believed—from the interpretation of pressure-stimulation data—to be near-
vertical with a radius of about 200 ft and to have a northwest–southeast 
orientation. To intersect it from a direction roughly perpendicular to its 
plane, EE-1 would need to be directionally drilled.
 But during the late summer of 1975, while the vertical portion of EE-1 
was still being drilled, a serious disagreement would arise among the HDR 
Project staff regarding the orientation of the GT-2 joint—whether its strike 
was northwest–southeast, northeast–southwest, or somewhere in between. 
However, given the general agreement that the joint was probably near-
vertical, and thus should extend directly below the bottom of GT-2 what-
ever its orientation, after much discussion the decision would be made to 
directionally drill the lower portion of EE-1 to pass about 50 ft directly 
beneath the bottom of GT-2, rather than to one side or the other of the upper 
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extension of the joint. This drilling path would also prevent inadvertent 
drilling into the GT-2 borehole, a risk with any attempt to intersect the 
upper part of the pressure-opened joint. This change in plans meant that 
the roles of GT-2 and EE-1 would be reversed: GT-2, now the shallower 
borehole, becoming the production well and EE-1 the injection well. Fortu-

GT-2, precluding a serious problem: had the casing been run, it would have 
been set in compression before cementing for an injection role, rather than 
tensioned for a production role.
 The drilling site for EE-1 (Fig. 3-18) was located 252 ft roughly north 
of GT-2 (on a bearing of N14E) and only about 8 ft higher in elevation. 

inclined depth (TD) of 10 053 ft (3064 m). Much of the information on the 
drilling and testing operations in EE-1 is taken from Pettitt (1977b) and 
Blair et al. (1976).

Fig. 3-18. Aerial view of the Fenton Hill site, showing GT-2 on the left 
(with a workover rig over it), and EE-1 in the center.
Source: HDR Project photo archive

Table 3-11. EE-1 drilling operations
Drilling stage Start date Final depth, ft (m)
1 May 26, 1975 6886 (2099)

2 Aug. 31, 1975 10 053 (3064)
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Stage 1 Drilling
Stage 1 drilling began on May 8, 1975. A hole 10 ft deep and 4 ft in diam-
eter was drilled, into which a 10-ft length of 30-in.-diameter corrugated 
metal pipe was cemented as the conductor casing. The next day a letter 
of intent was sent to Signal Drilling Company of Denver, Colorado, and a 
week later Signal began moving equipment for its No. 5 drilling rig to the 
EE-1 location. Mobilization was complete by May 25 (Fig. 3-19). The top 

level of 8696.3 ft.

Fig. 3-19. Signal Drilling Company rig No. 5 on location over EE-1. 
Source: Pettitt, 1977b

Drilling in the Surface Volcanic Rocks and 
Sedimentary Formations
The portion of the EE-1 borehole that passed through the Bandelier Tuff and 
the upper part of the Abo Formation—to a depth of 599 ft—was drilled with 
17 1/2-in. steel-tooth bits. Then, because there had been repeated losses of 
mud at the surface around the very short (10-ft) conductor casing, the hole was 
reamed out to a diameter of 26 in., and a deep string of 20-in. surface casing 
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was run in to 580 ft. After the casing had been cemented to the surface, 
drilling continued in the Abo Formation and on into the Madera Formation, 
with 17 1/2-in. TCI and steel-tooth bits. In anticipation of the lost-circula-
tion zone that had been encountered during the drilling of GT-2 (at a depth 

with lost-circulation material—at a high concentration, but one that could 
still be pumped—as this depth was approached. Even so, on June 12, at a 
depth of 1905 ft, all circulation was lost and the drill pipe became stuck. 
After several hours' effort, the pipe was freed and pulled from the hole. 
The jets were removed from the bit, the concentration of lost-circulation 
material in the drilling mud was increased to 30%, and the drill string was 
started back into the hole.
 Drilling in the Madera limestone then proceeded satisfactorily, but only 
with the continual addition of lost-circulation material (cottonseed hulls, 

1905-ft loss zone. However, when the cavernous limestone interval in the 
lower part of the Sandia Formation was encountered at a depth of 2359 ft, 
circulation was again completely lost and the pipe became stuck once more.
 Efforts to restore circulation and free the stuck pipe continued for two 

each) were pumped down the hole. But these efforts proved fruitless, and 

"free point" for the drill string was 80 ft off bottom, whereupon an explo-
sive "string shot" was detonated at a tool joint 110 ft off bottom and the 
joint was unscrewed. The remaining pipe was withdrawn from the hole 
early on June 21. The washover assembly used to recover the 110 feet of 
drill string at the bottom of the hole encountered numerous bridges in the 
shale sections of the Abo and upper Madera formations, and lost-circulation 
problems continued. By June 24 the remaining bottom-hole assembly had 
been recovered; but since circulation had not been re-established, the team 
decided to try to cement off the cavernous limestone interval in the lower 

with a mixture of cement and bentonite in a slurry of diesel oil to slow 

along with 3% calcium chloride as a cement accelerator, did appear to seal 
off the loss zone.
 Unfortunately, after the cement plug had been drilled through, renewed 
drilling in fresh limestone proceeded only 1 ft before circulation was 
completely lost again. This time the losses were not only at the bottom of 
the hole but also in the 1900-ft region above, in the upper Madera and Abo 

them, these red clays were swelling and sloughing, seriously hampering 
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drilling. In an effort to stabilize the borehole, two cement plugs were set, 
at 1900 ft and 2100 ft. The Project staff then decided to drill ahead into the 
granitic basement without returns—a very risky operation given the likeli-
hood that the drill string would become stuck yet again. Additional water-
hauling trucks were engaged, and drilling commenced. The Precambrian 
surface was encountered at a depth of 2401 ft, and drilling without returns 

 At this juncture, the team decided that running casing was their only 

the lowest 71 ft of casing—from the bottom of the hole up to the cavernous 
limestone interval at about 2360 ft—would be tag-cemented; second, with 
a stage collar placed in the casing string at a depth of 1783 ft (bypassing 
the 2360- to 1905-ft interval, which could not be cemented because of the 
severe lost-circulation conditions), the casing would be cemented up to 
800 ft; and third, the top portion—from about 800 ft to the surface—would 
be secured by cementing through a second stage collar.
 Before the casing was run, the borehole was reamed repeatedly, from 
about 1500 ft down to 2200 ft, in an attempt to maintain its full 17 1/2-in. 
diameter. But the attempt was only partially successful: the clay beds 
continued to swell and squeeze into the borehole, restricting the diameter—
sometimes to the point that the reaming assembly had to be "drilled" back 
out of the hole before the next run could begin.
 Before the reaming assembly was pulled out of the hole, several pills of 
bentonite mud mixed with Baroid Torq-Trim were pumped in to help lubri-
cate the borehole walls for the running of the casing. Finally, on the afternoon 

was started into the hole, with a Baker cement shoe on bottom and two 

bottom of the casing and the shallower one three joints above; thus, once 
the casing was on bottom, their depths would be 2390 ft and 2307 ft, respec-
tively. During run-in, two stage collars (each with a cement-retaining basket 
below to block the annulus outside the casing) were installed in the casing 
string for the second and third cementing stages; these were positioned such 
that, once the casing was on bottom, one would be at 1783 ft and the other 

assumed that each of the planned sequential cementing operations would 
be successful; no thought had been given to contingencies—even though, 
considering all the troubles encountered in drilling into the granitic rocks, 
contingency planning should have been paramount.
 The next morning, as the casing was being slowly lowered through the 
still-swelling clay zones in the Abo and Madera formations, to everyone's 
dismay it stopped completely—its lower end about 200 ft off bottom. 

granitic basement! The casing was landed at a depth of 2431 ft.
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 Note: The cementing of the intermediate casing string in EE-1 would 
turn out to be almost a complete failure—rescued only at the last moment 
with a well-thought-out repeat tag cementing of the bottom 71 ft of casing. 
The net results of the various stages would be as follows:

Stage 1 (tag cementing of the bottom of the casing): failed
Stage 2 (cementing through the stage collar at 1783 ft): failed
Stage 3 (cementing through the stage collar at 790 ft): partially 
succeeded (two-thirds of the cement went through the stage collar 
and into the annulus)
Repeat tag cementing of the bottom of the casing: succeeded

near-failure: (1) the supervisors and cementers who were attempting 
cementing operations in a mountainous setting, beset with severe lost-

methods; (2) technical supervision was poor—the drilling supervisors 

level measurements following the tag-cement job, which indicated that 

and (3) presence/oversight by Group Q-22 personnel was inadequate—

drilling/cementing "experts" without critical review.

Cementing of the Intermediate Casing String

casing), some 16 000 gal. of bentonite mud was pumped in to stabilize 
the borehole. Then 8800 gal. of cement slurry containing Pozzolan, silica 

supply, a rubber plug was released from the cementing head at the surface 
and water was pumped in to displace it down the casing. This turned out 
to be a mistake: In the particular mountainous environment of Fenton Hill, 
the severe lost-circulation conditions created by a water table some 1700 ft 

with air instead of water.12 Thus, during the pause in pumping, the cement 

behind it; when the plug was released, followed by displacement water, it 
-

cult to estimate the velocity of the plug as it fell, but as evidenced by the 

12

the cement and then the plug would be pumped slowly down the casing, followed 
by a carefully measured amount of displacement water (to just pump the plug to 
bottom while forcing the cement through the cement shoe and up the annulus).
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intact—thereby failing to create the necessary seal. The consequence was 

through the cement shoe at the bottom of the casing, up the annulus outside 
the casing, and out into the loss zone at about 2360 ft. Several water-level 
measurements, made following the tag-cement job, showed the casing to be 

section was not cemented (even a short interval of cement behind the casing 
would have caused it to be full to the surface).
 The report on this episode (Pettitt, 1977b) makes it clear that the rig 
supervisors knew at the time that the plug had not seated properly. But 
unfortunately, they did not realize that the tag-cement job had failed, nor 

2360 ft was in hydraulic communication with the water inside the casing 
should have made it obvious that the displacement water had washed all 
the cement out into this very subhydrostatic loss zone. The rig supervisors 

casing with water. But they did not.

 Note: The lesson imparted by the failure of the tag-cementing attempt 
was that under such severe lost-circulation conditions, no plug or displace-
ment water should follow the cement. The cement should be allowed to fall 
by gravity and "U-tube" around the cement shoe.

 Thinking, then, that the tag-cement job had (somehow) succeeded, the rig 
supervisors proceeded to begin the second stage. Late on July 4, after the 
sliding sleeve on the deeper stage collar (at 1783 ft) had been shifted upward 
to open the cementing ports, placement of the second-stage cement began. 
A 9500-gal. slurry of cement, similar to that used for the tag cementing, 
was injected into the casing and was followed by tandem rubber plugs and 
displacement water. But the results were almost identical to those of the 
tag-cementing stage: when the plugs—pushed by the displacement water—
hit the deeper stage collar at high velocity, either the collar or the plugs 
were not strong enough to withstand the impact. The plugs then "sailed 
on by," but not before managing to knock the sliding sleeve on the collar 
back down, reclosing the ports (both plugs would later be found on top of 

in, leaving the casing essentially empty. In other words, the rapidly falling 

collar near the bottom of the casing, out the cement shoe, and back up into 
the loss zone at 2360 ft. Water-depth measurements following the second 
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stage of cementing showed that the casing was empty all the way down 
to the deeper stage collar at 1783 ft. After all this effort, the 13 3/8-in. 
intermediate casing string remained completely uncemented.
 Evidently now realizing that something must have gone wrong with the 
second stage of cementing, the rig supervisors suspended cementing opera-
tions.13 The reports of the time state that the third stage was delayed until 

and back to the surface via the annulus. Since circulation is absolutely 
essential for any cementing through stage collars—and should have been 
established before the second stage—this is tantamount to an admission 
that the third stage, if undertaken without circulation, would fail just as the 
second stage had; and that even with the cementing ports on the lower stage 

same as during the second stage.
 Nevertheless, the rig supervisors proceeded to open the cementing ports 

that it was going through the ports but then somehow bypassing the cement 
basket in the annulus below the collar and traveling down the outside of the 
casing, they concluded that the cement basket would need to be plugged. 

the cement shoe at the bottom of the casing, and back up the annulus to the 
loss zone at 2360 ft.)
 The operation to plug the cement basket—which in fact had not been 
breached—consisted of pumping in three successive 25 000-gal. pills of 

no returns. With the third pill, the space around the damaged plug on top of 

circulation.
 On July 6 the third stage—cementing of the 800-ft length of annulus 
above the upper stage collar—began. This stage should have been relatively 
simple; but when the cement was injected, instead of the full volume going 
through the cement ports, about one-third went on down the casing. (The 
calculated volume for this annular region, most of which was within the 

13It appears that they were still unaware that the tag-cementing job had not 
succeeded either.
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580 ft of 20-in. surface casing, was 890 ft3. The amount of cement actu-
ally injected, with the standard allowance for a 20% excess, was some 
1070 ft3—which left about 140 ft of annulus still empty.)
 The following day, after the cement had set up, its top was tagged with 
a 1-in.-diameter pipe run down the annulus. The remaining void was then 

3 of 
cement pumped in through this pipe.
 The last "surprise" of this cementing project evidently brought with it—

the casing, they found it essentially clear (except for a small amount of 
cement and the plug inside the upper stage collar) until the bit encountered 

from the failed second-stage cementing job, were drilled through unevent-

circulation was totally lost. At last the supervisors understood that it was 
this faulty plug, damaged in transit down the casing, that had caused the 
tag-cement job to fail; and that circulation was achieved before the third 
stage only because the bottom of the casing had been temporarily sealed 
by the lost-circulation material packed in around the plug—now broken up 
and washed away. After assessing the situation, they decided to clear the 
rest of the casing and then very carefully repeat the tag cementing, this time 
through open-ended drill pipe.
 The successful tag cementing of the bottom 71 ft of the casing was 
done on July 7: a cement slurry (225 sacks of Class B cement containing 

allowed to fall by gravity (with no displacement water following), and to 
"U-tube" around the casing shoe at 2431 ft.

Drilling in the Precambrian Basement
For drilling of the crystalline basement rock, the only available TCI hard-
rock bits of the desired 12 1/4-in. (311-mm) diameter were the STC Q9J and 
Security H-100 bits. Both makes were employed, so that their performances 
could be compared. The tungsten-carbide inserts of the Smith bit were 

which also had prelubricated and sealed roller bearings and was designed 
only for use with mud or water as a circulation medium. The weights on the 
bits ranged from 60 000 to 70 000 lb and the rotational speeds from 40 to 
50 rpm. The H-100 Security bits would be found to outperform the STC 
Q9J bits—their rate of penetration averaging nearly 7 ft/h and their useful 
life exceeding 100 hours, almost twice as long as that of the Q9J (attributed 
to the sealed roller bearings and harder carbide inserts of the H-100). 
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 Drilling in the crystalline basement below the intermediate casing began 

A survey of the hole at 2509 ft showed the trajectory to be N52W, 3/4°.14

bit was pulled, and examination revealed that two of the three cones were 
almost completely locked up and four buttons were missing. Even so, 
the bit was still in gauge. The next bit, a Security H-100, drilled 650 ft 
in 107.5 hours—a remarkable performance for a 12 1/4-in. bit drilling 
in granitic rock (the average rotational speed for this bit run, at a load of  
65 000 lb, was 44 rpm). When pulled and examined, the bit was missing about 
one-third of the buttons and was 3/8 in. under gauge. Drilling then continued, 
the STC Q9J and Security H-100 bits being used on alternate runs.
 In contrast to the experience with the GT-2 borehole, there was no 

being drilled through the 3600- to 3700-ft depth interval. By this depth, the 
inclination of the hole had increased to 2° in the direction N75W. During 
drilling below 3700 ft, the inclination of the hole would continue to increase 
gradually—as had the inclination of GT-2—reaching about 6° (in a north-
westerly direction) by 6500 ft.
 Drilling progressed smoothly until August 5, when, at a depth of 5985 ft, 
the penetration rate suddenly increased from 6 ft/h to 19 ft/h—indicating 
that a brecciated fracture zone had been encountered. The plan had been 
to drill to 6300 ft, case the hole with 10 3/4-in. casing, and then continue 
drilling with 9 5/8-in. bits. However, this drilling "break" so near that depth 
created concern that the rock at 6300 ft might not be suitable for setting 
casing, owing to the potential for seepage of water through the brecci-
ated rock below the casing shoe. The plan was therefore altered: the hole 
would be deepened to at least 6420 ft, with 12 1/4-in. bits, before setting 
of the deep casing string. As drilling continued, the zone of brecciated rock 
was found to extend downward about 255 ft, to 6240 ft. At this depth, the 
penetration rate decreased again, to about 10 ft/h.
 On August 8, when the 6420-ft depth had been reached, the hole was 

From August 8 to 12, open-hole diagnostic logs were run by Dresser-Atlas 
Petroleum Services between about 2430 ft and the bottom of the hole. 
These logs included 4-arm caliper, Acoustilog, Densilog, Laterolog, and 
Spectralog; a gamma-ray detector was used in conjunction with many of the 
logs to enable accurate depth correlations. In addition, a suite of supporting 
diagnostic logs was run on August 11, over various intervals of the open 

14 -
tion or angle second. For example, N52W, 3/4° would mean the borehole has a 
surveyed direction of N52W and an inclination of 3/4 degree from the vertical.
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and landed at a depth of 6420 ft. To prevent malfunctioning of the displace-

installed at the bottom of the casing string and an aluminum plug-landing 

was a Halliburton cast aluminum plug, designed to withstand high landing 
pressures.
 A single-stage cementing operation—to cement only the bottom 1000 ft 
of the casing—was performed the same day by Halliburton Oil Well 
Cementing Co. of Farmington, NM. First, a 400-gal. "pad" of water was 
injected; then 2250 gal. of cement slurry was pumped down the casing, 
followed by the aluminum plug and 25 750 gal. of displacement water. 
Following an 18-hour wait for the cement to set, a 9 5/8-in. Security 
H10J TCI bit was run into the hole to drill out the aluminum plug and 

50 hours (9.1 ft/h), producing a well-isolated open-hole interval for a series 
of fracturing experiments (although the nearby brecciated zone should have 
given the Project staff pause when planning such experiments).
 Before testing began, a 12-ft coring run was made (to 6886 ft) with an 

(25% recovery). From petrographic examinations of thin sections from this 

Stage 1 Pressure-Stimulation Tests
On August 23, 1975, the Laboratory's newly designed high-temperature 

borehole. (The 4 1/2-in. high-pressure casing string, which had been 
removed from the hole for the experiments with fracturing through perfora-
tions, had not been reinstalled, allowing for passage of the 5-in.-diameter 
geophone package.) The package contained 12 geophones, arranged in three 
sets—one vertical and two horizontal—to record tool motion on the three 
orthogonal axes. The four geophones in each set were connected in series 

batteries were protected from the downhole temperature for about 12 hours. 
At the bottom of the geophone package was a locking arm to force the 
geophones against the borehole wall. The ideal position for this arm was on 
the high side, pressing the package—aided by gravity—against the low side 
of the hole. Unfortunately, because the package would rotate randomly as 
it was lowered into the hole, the locking arm was often positioned such that 
the package was lifted somewhat off the low side of the hole before being 
forced against the wall; as a consequence, the coupling was less effective.
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7-conductor cable

2 5/8-in.-diameter 
cablehead

Sub

Vertical set
1st horizontal set
2nd horizontal set
(2nd set orthogonal to 1st set)

High-temperature motor

Locking arm (maximum
hole diameter 13 in.)

Ice-filled Dewar flasks,
each containing 2 batteries 
and 1 amplifier

Geophones 
(3 sets of 4 each)

Fig. 3-20.
geophone package (ca. 1975).
Source: Pettitt, 1977b

 With the geophone package positioned at a depth of 6585 ft in GT-2, 
the open-hole interval of EE-1 was pressurized with a commercial pump, 
provided by The Western Co. of Farmington, NM. From a beginning rate 
of about 1 BPM (2.7 L/s), injection pumping was gradually increased to 
5.5 BPM (14.6 L/s) at a maximum injection pressure of only 1200 psi. 
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borehole was vented—suggesting that a pre-existing joint system had 
been opened and extended. Because no seismic signals were recorded on 
the geophone in GT-2, this joint opening was thought to be essentially 
aseismic—without tensile rock fracturing or joint shear displacement. In 
hindsight, it is possible that joint-opening signals were present but were not 

high-speed Ampex tape recording system (it would be added a few months 
later). Signals of frequencies greater than about 125 Hz, therefore, would 
not have been recorded.
 Two days later, on the assumption that the joint newly opened in EE-1 

at a depth of 6480 ft (60 ft below the bottom of the casing). It was hoped 
that with pressurization of this 60-ft annular interval of open hole isolated 
between the top of the packer and the casing shoe, another joint might be 
opened. Fluid would be pumped down the annulus between the drill pipe 
and the casing with the Project's recently acquired positive-displacement, 

would be maintained at an internal pressure about 200 psi above the injec-
tion pressure).
 Injection pumping then began, at a constant rate of 9 gpm. The pressure 
rose rapidly to about 1900 psi and then dropped back to about 1400 psi.  

indicating that another sealed joint had been opened; but no seismic signals 
were recorded at the geophone in GT-2, signifying that this was again a 

-
fore almost aseismic). A self-potential electric log run later indicated that a 
joint had been opened between 6437 and 6454 ft, about in the middle of the 
isolated open-hole interval, and that its intersection with the borehole was 
about 17 ft long. Although the strike of this hydraulically opened joint was 
not determined, from the length of its intersection with the borehole and the 
borehole inclination of about 6°, one can infer that the joint was within 2° 
of vertical.

pump. The results were, to say the least, anomalous! At a constant injec-
tion rate of 9 gpm, the highest pressure achievable was now only 300 psi—
strongly suggesting the presence of an open joint system somewhere below 
the packer-setting depth of 6480 ft (and possibly connected to the GT-2 
borehole through one of the previously opened joint systems at about that 
depth in GT-2). The Lynes packer was then moved 240 ft farther down the 

to pressurize this longer (300-ft) open-hole annular region between the 
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casing shoe and the packer, 500 gal. of water was injected at a pressure of 
1375 psi—indicating that the low-pressure open joint system was located 
below the packer.
 At this juncture, the team decided to cement up the open joint system 
at the bottom of EE-1. If left open, it would constitute a lost-circulation 

-
quent drilling operations. Halliburton Oil Well Cementing Co. was called 
out from Farmington, NM, and on August 26 the bottom of the borehole 
was cemented back with 1750 gal. of cement slurry pumped through open-
ended drill pipe. The top of the hardened cement was subsequently tagged 

interval from 6480 ft up to the casing shoe was repressurized a number 
of times; the pressure behavior was similar to that seen earlier, when the 
joint in this interval (6437–6454 ft) was initially opened. On August 27, a 
Lynes packer was run in and the interval was pressurized to 1850 psi in an 
attempt to obtain an oriented impression of this joint. Unfortunately, when 
the packer was pulled, it was found that the soft rubber sleeve had been left 
behind in the hole. A second attempt on August 30, with a tandem Lynes 
impression packer positioned over the 6437- to 6454-ft interval (two 5-ft 
elements, one centered at 6438 ft and one at 6449 ft), succeeded: the 9-gpm 

four hours the packer was pressurized at 2300 psi with a smaller Laboratory 
-

nite impressions of the joint, oriented in a northwest–southeast direction.

Stage 2 Drilling to 9168 ft
As had happened with GT-2, the EE-1 borehole drifted off toward the north-

more rapidly than that of GT-2, to 5 3/4° at 6490 ft and to 6° at 6874 ft. 
As shown in Fig. 3-21, the direction of EE-1 at 6886 ft was almost due 
west. Therefore, if the large joint emanating from the bottom of GT-2 was 
oriented northeast–southwest, as inferred by some of the team—though on 
a very tenuous basis (extrapolation, to a depth 3000 ft deeper, of the orienta-
tion found the previous November for the joint at 6535 ft)—then the EE-1 
borehole at the end of Stage 1 drilling was well beyond the joint and not 
favorably positioned for intercepting it as originally planned.
 In contrast, however, the packer impression taken in EE-1 on August 30 
indicated that the joint intersecting the borehole at a depth of about 6450 ft 

information, the HDR Project staff decided to rotate EE-1 rapidly from a 
westerly to a southerly direction and then continue drilling to the south so 
that it would pass directly below GT-2. As noted earlier, this strategy would 
maximize the probability of intersecting the joint opened from the bottom 
of GT-2 regardless of its orientation.
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Fig. 3-21. Plan view of the drilling trajectory of the completed GT-2 bore-
hole in relation to that of the EE-1 borehole at the end of Stage 1 drilling, 
based on magnetic single-shot surveys conducted during drilling. (Note 
that three gyroscopic surveys of GT-2 done later, in February and March of 
1977, all showed the northward curve below 7690 ft as less pronounced; it 
is probable that the magnetic survey was distorted somewhat by the higher 
levels of magnetic minerals in the deeper granitic rocks.)
Adapted from Blair et al., 1976

 The directional drilling equipment then available in the oil industry was 
rated for a maximum temperature of about 180°C (350°F). The Project staff 
believed that with occasional cooling of the assembly during run-in, such 
equipment would be just adequate for drilling EE-1 on the planned inclined 
southerly path to about 9600 ft (at which depth the rock temperature was 
about 200°C).
 More uncertain were the temperature capabilities of the available hole-
surveying equipment: inquiries to both Sperry-Sun and Eastman Whipstock 
revealed that their gyroscopes were rated for maximum temperatures of only 
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about 150°C. In contrast, the more commonly used Eastman Whipstock 
magnetic survey tools were rated at 200°C for 2 hours when heat-shielded, 
which appeared to be just adequate. For this reason, magnetic surveying 
was selected as the primary method of determining the relative locations of 
the two boreholes as drilling proceeded.
 A Dyna-Drill assembly was selected for the directional drilling of EE-1. 
Unlike conventional rotary drilling equipment, the Dyna-Drill incorporates 
its own downhole, positive-displacement motor (PDM), eliminating the 
need to rotate the drill pipe. This specially designed motor consists of a 
multi-stage Moyno pump incorporating a metal rotor and an elastomeric 
stator (a rubber-like element molded with a spiral passageway having an 
oblate cross section).

 
August 31, 1975, turned the hole 21°—from N78W to S81W—in 65 ft of 
directional drilling. At this new depth (6951 ft), the trajectory of the bore-
hole was S81W, 5 1/2°. An Electronic Yaw Equipment (EYE) steering 

was used to direct and check the course of the directional drilling. For the 
next 82 ft, the hole was rotary-drilled with a limber assembly, rotating it 
southward another 11° to a trajectory of S70W, 6° at a depth of 7033 ft. 
These two drilling runs, which added 147 ft of depth and rotated the hole 

in hot granitic rock!
 Two additional Dyna-Drill runs of 139 ft and 140 ft, with a 75-ft conven-
tional rotary drilling run between them, deepened the borehole to 7387 ft. 
By this depth, EE-1 had been rotated an additional 90°, to S23E—past its 
target direction of due south—and its inclination had been increased to 
about 8°. Conventional rotary drilling along with one more Dyna-Drill run 
(from 8200 ft to 8313 ft) then took the borehole to 9168 ft. The hole trajec-
tory had now been rotated back 43°, through south again, to S20W, 4 1/2°.

Stage 2 Final Drilling: Attempt to Connect EE-1 with the 
Joint at the Bottom of GT-2
Magnetic single-shot surveys were taken at various depths during  
directional drilling between 6886 and 9110 ft. The trajectory of the EE-1 

by magnetic multishot surveying done on September 16 by Eastman  
Whipstock, over the depth interval 6700–8990 ft (2040–2740 m).
 Figure 3-22 shows that at a depth of 9110 ft in EE-1 (and 9068 ft in GT-2, 
the vertically equivalent depth taking into account the steeper inclination 
of this borehole), the horizontal distance between the two holes was 40 ft, 
with EE-1 almost due north of GT-2. Furthermore, on its current trajectory 
of S20W, 4 1/2°, EE-1 was aimed directly at the bottom of GT-2 rather than 
the planned 200 ft below it. With the bottom of GT-2 still some 500 ft deeper 
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would have had to be even steeper—about 2 1/2° from the vertical—for 
the borehole to pass 200 ft beneath GT-2 (the remaining 500+ ft of drilling 
would allow for only 30 ft of advancement horizontally).
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Fig. 3-22. Plan view of the drilling trajectory of the EE-1 borehole between 
6886 ft and 9110 ft, in relation to that of GT-2. Trajectories are based on 
magnetic single-shot surveys conducted during drilling (as were the Stage 1 
drilling trajectories shown in Fig. 3-21). The dotted line represents the 
horizontal distance between EE-1 at 9110 ft and GT-2 at 9068 ft.
Adapted from Blair et al., 1976
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First Series of Seismic Ranging Experiments
On September 20, a series of seismic ranging experiments was performed at 
a depth of 9100 ft in EE-1, with two principal objectives: (1) to measure the 
horizontal distance from EE-1 to GT-2, and (2) to determine the compass 
direction from EE-1 to GT-2 at this depth. In preparation for these experi-
ments, the 4 1/2-in. high-pressure casing string, needed to guide wireline 
tools into the GT-2 scab liner, had been reinstalled (it would be needed later, 
as well, for repressurization of the joint(s) opened below the scab liner the 

tipped locking arm to improve coupling to the borehole wall—was posi-
tioned in EE-1 at a depth of 9100 ft. Then detonator caps were run into the 

The horizontal distance between the two holes at 9100 ft in EE-1 and 9068 ft 

the compressive and shear signals received by the geophone—was 52 ft. 
(The rock properties used for this calculation were 5.85 km/s for the P-wave 
velocity and 3.38 km/s for the S-wave velocity, with a travel-time accuracy 
of ±1 ms.) This distance compares quite favorably with the 40-ft distance 
obtained via magnetic single-shot data for the same depth (Fig. 3-22); but 
the ranging data were considered the more accurate, suggesting that the true 
GT-2 trajectory at this depth was somewhat south of that shown in Fig. 3-22.
 The seismic ranging experiments did not, however, yield any data 
regarding the relative horizontal positions of the two boreholes at the 

shown in Fig. 3-22, the team decided to continue drilling EE-1 toward a 
target directly beneath GT-2.

Second Series of Seismic Ranging Experiments
Over the next four days, three additional rotary drilling runs deepened EE-1 
to 9575 ft; the azimuth of the borehole at this depth was almost due south, 
at an inclination of 3 3/4°. The horizontal path of EE-1 between 8897 and 
9575 ft, calculated on the basis of magnetic single-shot survey data, is 
depicted in Fig. 3-23. If it was correct (at the time, there was no reason to 
think otherwise), EE-1 had progressed 30 ft farther south between 9100 
and 9575 ft, and in that case would have intersected the GT-2 borehole at a 
depth of about 9560 ft! (It would turn out that this was not the case—later 
gyroscopic surveys in GT-2 would reveal that the single-shot data were 
somewhat in error, having placed the bottom of GT-2 some 35 ft north and 
30 ft east of its true location.)
 A second series of ranging experiments—interspersed with a couple 
of pumping experiments—began September 26 at the new EE-1 depth of 
9575 ft.
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Fig. 3-23. Close-up view of the trajectory of the EE-1 borehole between 
8897 and 9575 ft, in relation to that of the GT-2 borehole (as calculated 
from magnetic single-shot survey data).

of 3600 gal. of water over a period of 7 hours, at a maximum pressure of 
1600 psi, produced no discernible seismic signals at the EE-1 geophone.
 When GT-2 had been vented, a ranging experiment was done to verify 
the relative borehole positions shown by the single-shot survey data in 
Fig. 3-23. Three GO-International detonators were made up on the Dresser-

trigger assembly ensured precise timing of the shots, to an accuracy of 

and 8581 ft. This time, the signals received indicated that at the 9531-ft 
depth in GT-2 and the vertically equivalent depth of 9565 ft in EE-1, the hori-
zontal distance between the two boreholes—to an accuracy of ±1 ft—was  
26 ft (rather than essentially zero, as the single-shot data had shown). Unfor-
tunately, owing to a malfunction of the Eastman camera, the orientation  
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of the seismic package in EE-1 was not measured, and thus once again no 
seismic information was obtained concerning the relative positions of the 
boreholes. The critical question remained, then: was EE-1 at 9575 ft west or 
east of the bottom of GT-2?
 On September 29, following a two-day hiatus for instrument and equip-

Western pump. Some 3500 gal. of water was injected, at a rate of 3.7 BPM 
(10 L/s) and a maximum pressure of 2200 psi. The Western pump was 

1 1/2 hours while induced-potential logs were run in EE-1. The logs indi-
cated additional growth of the joint—beyond the 400-ft diameter calcu-
lated for the previous extension of the joint, on April 21.

Third Series of Seismic Ranging Experiments
A third series of ranging experiments, aimed at resolving the growing 
concern about the relative positions of the two boreholes, took place  
on September 30. This time, the compass orientation of the geophone  
sonde in EE-1 would be determined as well: a high-temperature Eastman 
Whipstock compass was specially installed in the geophone sonde, the 

explosion a mile and a half away and recording the acoustic signals (whose 
direction was known). With reliable orientation data for the geophone 
sonde, its direction with respect to the detonators—i.e., to the GT-2 bore-
hole—could be obtained via the hodogram seismic-analysis technique, 

P-wave and S-wave signals.
 After GT-2 had been vented down, the geophone package was set on the 
bottom of EE-1 (the actual depth of the geophones was 9558 ft). Unfor-
tunately, owing to faulty electrical connections through the cablehead, the 
locking arm on the geophone package could not be extended. Coupling 
of the package to the borehole wall was therefore very poor—which by 
itself can render direction information ambiguous. (Ideally, the geophone 
package should move as a unit with the borehole wall—a nearly impossible 
feat given its weight, even with the locking arm perfectly oriented to press 
the package against the low side of the borehole, assisted by rather than 

of 9535 and 9512 ft, the detonator package was lying against the low side 
of the hole; this skewed position made a reliable reading even less likely 
(for direction measurements to be unambiguous, the explosions have to be 
symmetrical in the borehole, transmitting a compressive sound wave equally 
in all directions). By this time, long exposure of the geophone package to 
the high-temperature environment had taken its toll: only one horizontal 
set of geophones was operating. But this set received good signals from 
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the detonators, and it also received good signals when the surface dynamite 
charge was exploded in a shallow hole on Cebollita Mesa, about 1 1/2 miles 
to the southeast of Fenton Hill.
 A ranging calculation based on the P- and S-wave arrivals from the 
GT-2 detonator shots showed a horizontal separation of 26 ft between the 
boreholes, consistent with that found four days earlier. Hodogram analysis 
of the acoustic signals, based on the compass-measured (and dynamite-

position of EE-1 as almost due west of GT-2.

 Note: At this stage, with the EE-1 borehole at 9575 ft, a heat-shielded 
magnetic multishot survey could have been done immediately by Eastman 
Whipstock, with existing equipment, to validate the results of the ranging 
experiments. Had this been done, the trajectory shown in Fig. 3-23 for the 
EE-1 borehole would have been seen to be wrong and could have been 
corrected. Unfortunately, at the time the HDR Project was under the direc-

seismic direction data—which would later prove to be fallacious—than in 
the magnetic survey data.

to further extend the joint at the bottom of GT-2, providing a better target 
for EE-1 when drilling resumed the next day. Some 12 000 gal. of water 
was injected into this joint over a period of 90 minutes (the largest volume 
previously injected had been 3500 gal., the day before). The pumping 

until it reached about 4 BPM at an injection pressure of 2250 psi. During 
this test, the calculated diameter of the GT-2 joint was effectively doubled, 
from 400 to 800 ft.

time, seismic signals from a pressure-dilating and extending joint were 
recorded on a nearby geophone. Although the sources of the microseismic 
signals were not well located, it was possible to derive the distances from 
the geophone to the foci of these few events. It should be noted that these 
signals exhibited a much higher shear than compressive component, 
implying that they were related to shear slippage between the faces of the 
pressure-dilating joint.

EE-1 Inadvertently Turned Away from the GT-2 Target
Directional drilling was resumed on October 1, from the 9575-ft depth, with 
a Dyna-Drill assembly. In about 115 ft of drilling, EE-1 was turned rapidly 
to the east by almost 90°, and at the new depth of 9690 ft the bottom of 
the hole had progressed horizontally eastward by about 7 ft. Although the 
actual drilling time was only a little over 4 hours, the need to change the bit 
between runs prolonged the operation to October 3. As drilling proceeded, 



116

cause the GT-2 wellhead pressure to drop dramatically. However, the rate of 

EE-1—could be "masked" if it occurred during one of the repeated pumping 
shut-ins (Fig. 3-24).
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Fig. 3-24. Pressurization history in GT-2 during the directional drilling of 
EE-1 (pressure declines indicate pump shut-ins).
Source: Blair et al., 1976

 A shallow break in the casing at 270 ft interrupted drilling for a couple 
of days (October 4 and 5). This would have been an excellent time to vent 
down GT-2 and conduct another seismic ranging experiment to determine 
whether EE-1 was in fact approaching GT-2 or was instead moving away. 
The depth in EE-1 that was vertically equivalent to the bottom-hole depth in 
GT-2 (9619 ft) was 9653 ft. At this depth, EE-1 was horizontally displaced 
eastward by about 3 ft with respect to its position at 9575 ft. Using the then 
most recent distance calculation of 26 ft—derived from the second and third 
ranging experiments—the measured distance would have been either 23 ft 
(26 – 3 ft, i.e., closer) or 29 ft (26 + 3 ft, i.e., farther away). Had that exercise 
been carried out at the time, the error in the hole positions would have been 
discovered—and simply by cementing a whipstock into the bottom of EE-1, 
the borehole could have been turned back to the west and drilled just a couple 
of hundred feet more to intersect the target joint below the bottom of GT-2!
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 Instead, the casing break was repaired by cementing, and directional 
drilling continued—one 76-ft Dyna-Drill run and a rotary drilling run taking 
the hole to a depth of 9791 ft. But when the Dyna-Drill was run back in on 
October 7, it failed after just one foot of drilling: the stator blades sheared off, 

The trajectory reading at this depth was N77E, 7°. While a new Dyna-Drill 
was en route from the manufacturer, the hole was rotary-drilled to a depth of 
9877 ft, where the inclination was 7 1/4°.

Seismic Interrogation of the GT-2 Target Joint
On October 10, 1975, the lowermost part of GT-2 was pressure-stimulated 
again with the Western pump. The total injection volume was only slightly 
greater than that of the September 30th injection test (12 400 gal. vs  

interrogate the joint(s) intersecting the GT-2 borehole behind or just below 
the scab liner, by positioning the geophone package sequentially at four 
different depths near the bottom of EE-1 (9211 ft, 9409 ft, 9656 ft, and 
9856 ft). An Eastman Whipstock magnetic survey tool attached to the 
bottom of the geophone package allowed the compass orientation of the 
package to be determined at each depth.
 After the geophone package had been run into EE-1, water was pumped 
into GT-2 through the high-pressure casing string connected to the top of 
the scab liner. For about 1 1/4 hours, the bottom of the borehole was pres-
surized to 2150 psi with a pumping rate of about 4 BPM. During this time, 
the geophone package in EE-1 was placed successively at each station for 

15 minutes. It should be noted that although the horizontal distance between 
these stations and the midpoint of the scab liner in GT-2 (about 9280 ft) was 
only 40–70 ft, the vertical distance between the two deeper stations and the 
midpoint of the liner was much greater (576 ft for the deepest station, at 
9856 ft). Because of these greater distances and the steep angles of arrival, 
the seismic signals originating near the scab liner in GT-2 were highly 
attenuated—which meant that their location depended primarily on the 
much less sensitive vertical geophones. (Seven years later, during Phase II 

package to the borehole wall.) 
 Joint-related microseismic events—characterized by seismic signals 
having distinct P-wave and S-wave arrivals—were recorded at three of the 
four stations in EE-1 (unfortunately, the surface readout from the geophone 
package was temporarily lost during the 15-minute recording interval at 
9409 ft).
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 Assuming that the foci of such events originate from the plane of the 
dilating joint—as seems reasonable—these signals form seismic maps of 
the joints, in both space and time. Figure 3-25 is a representation of these 

 
horizontal projections based on the events recorded at the three depths in 
EE-1. The indicated planes assume that the stimulated joint(s) were vertical 
and varied only in their strike.
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Fig. 3-25. Plane(s) of the GT-2 joint(s), as determined by the seismic 
experiment of October 10, 1975.
Source: Blair et al., 1976
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InfoNote
 The use of seismic signals for determining the direction to a microseismic 
event is limited by the "non-unique" nature of the focal-point data—these 
data being based in part on the azimuthal approach of the seismic signals 
to the geophone station. Although there were cases in which the foci for an 

planar solution for determining the direction of approach, a 180º ambiguity 
remained (i.e., without a known focal mechanism for an individual event, 
two locations—in opposite directions from the geophone station—were 
equally possible). Ultimately, the solution to this problem was to use a 
combination of stations: one or more in each borehole.

September 30 experiment, the October 10 experiment would not be 

very late in the pressurization. This is precisely what occurred, as Fig. 3-25 

the end of the experiment, much of the seismicity was farther away (some 
as far as 300 ft), indicating joint extension.
 Figure 3-25 suggests the possibility that three separate joints were 

was approximately symmetrical about the geophone depth of 9211 ft and 
striking N27W. At the same time, the observation that each of these three 
joints "just happens" to be symmetrical about one of the three pre-selected 
geophone stations in EE-1 casts doubt on the notion of three separate joints. 
The two deeper "joints" are suspect for two reasons: First, the number of 
located seismic events is relatively small; and second, if the seismicity 
originated from the stimulated joint striking N27W (which is probable), 
the very steep approach angle and greater distance to the deeper geophone 
stations would have considerably clouded the hodogram analysis. For these 

inordinate reliance on the vertical geophone signal. It is possible that the 
seismicity recorded at the 9656- and 9856-ft depths originated from the 
deeper reaches of the joint centered at 9211 ft. Given these shortcomings 
and uncertainties, the most probable scenario is that a single joint was 
interrogated in GT-2 and that its strike was N27W.

subsequent extension of the GT-2 joint exhibited discernible P- and S-wave 
arrivals—though in some cases, the P-wave did not emerge from the back-
ground noise clearly enough for events to be accurately located. Location 
of the focus of an event requires (a) distance to the event and (b) arrival 
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direction of the P-wave. The distance is calculated from the time interval 
between the P- and S-wave arrivals and from the propagation velocities of 
the two signals. Because P-waves are linearly polarized in the direction of 

azimuth and inclination (which are determined by analyzing the hodograms 
of the two components of the P-wave velocity amplitude as derived from 
the geophone recordings).
 Even though in most cases the onset of the P-wave can be determined 

an ambiguity of 180° in azimuth measurements. However, in the particular 
case of the experiments of October 10, the orientation (i.e., strike and dip) 
of the joint was unaffected by this ambiguity: with the recording geophone 
in EE-1 so close to the point of joint initiation in GT-2, the maps of the 
event foci were essentially centro-symmetric to it.

resulting from the hydraulic stimulation of a deep, hot region of jointed 

Final Attempts to Stimulate the Deeper Part of EE-1
Following the seismic experiment, the Western pump was replaced by 

geophone package was removed from EE-1 and a Laboratory self-potential 
(SP) tool was run in. At about 9500 ft, an electric anomaly was noted that 
appeared to be the same as one detected by a Dresser-Atlas SP log run in 

of 9856 ft, a second SP anomaly was seen; the latter was detected again 
during two subsequent SP logging runs. During these tests, a small amount 

high impedance.

9881 ft—with an American Coldset Corporation diamond bit having a 
9 5/8-in. (244-mm) outer diameter and a 6-in. (152-mm) inner diameter. 
Core recovery was only about 17%.

October 12, 1975, completing EE-1 at a depth of 10 053 ft. A temperature 

by registering a sharp, 4°C–5°C temperature drop immediately below that 

entry point was being heated as it traversed the jointed rock adjacent to the 

point at 9500 ft, but repeat SP logging did not show the anomaly seen three 

Chapter 3   Phase I Drilling and Initial Attempts



Planning, Drilling, and Testing of the EE-1 Borehole 121

days earlier at 9856 ft. The equilibrium temperature at hole bottom was 
205.5°C and the geothermal gradient was about 60°C/km.
 With EE-1 complete except for installation of casing, several more 
temperature logs, electric logs, and pumping and hydraulic pressurization 

for some celebration, but perhaps even more consternation: considering the 

been created.
 On October 14, 1975, in the hope that the hydraulic connection could 

the bottom of the borehole from the rest of the open-hole interval. Next, 
GT-2 was pressurized with the Western pump; when the pressure reached 

pump was used to continue injecting into GT-2. At 9 gpm, the GT-2 injection 
pressure dropped rapidly to 1800 psi, then continued falling more slowly. 
With the Western pump now connected to the drill pipe at EE-1, the region 
below the packer was pressurized at increasing injection rates—up to about 
2.1 BPM (5.6 L/s) at 2400 psi. But after the injection of 3700 gal. into EE-1, 
the Lynes packer failed. During the pressurization of EE-1, while injection 
into GT-2 was maintained at 9 gpm, the pumping pressure continued to 

vented and the failed packer was pulled from the hole. During this time, 
the injection pressure at GT-2 dropped further, then stabilized once 

at a pressure of about 2400 psi.
 The next day, while pumping into GT-2 continued at a pressure of 

logs run in EE-1 both showed very sharp anomalies at 9650 ft, indicating 

packer hung up at about 9600 ft while being run in, necessitating reaming 
of the 9570- to 9918-ft section of the hole. On October 17 the next packer 
was run in, to a depth of 9822 ft, but failed to set. When the drill pipe was 
pulled from the hole, it was discovered that the packer assembly had sheared 
off and been left in the hole. A third packer was tried the next day, but could 
not be lowered below 9278 ft; when it was pulled out, the lower third of the 
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packer assembly was missing. At this point, a bit run was made to 10 022 ft, 
pushing the several packer remnants to the bottom of the hole.
 Finally, on October 20, a fourth packer was successfully set at a depth of 
9791 ft. The Western pump was then used to pressurize the bottom 260 ft of 
the borehole. The pressure reached 3300 psi before there was evidence of 
water bypassing the packer—but no borehole breakdown occurred. At the 
time this behavior was surprising, considering that the pressure to which the 
borehole had been subjected was far above the least principal earth stress 
(about 1240 psi above hydrostatic at this depth).
 The following day, one more attempt was made to hydraulically fracture 
the lower part of the borehole, but the Lynes packer seated prematurely at 
about 800 ft and had to be withdrawn. Thus ended the effort to hydraulically 
fracture EE-1 below 9800 ft.

 Note: Subsequent work several years later would show that the portion 
of EE-1 below about 9650 ft was actually within the deeper (Phase II) reser-
voir region, in which joint-opening pressures were considerably higher.

Completion of the EE-1 Borehole

cement shoe installed on the bottom, was run into EE-1 to a depth of 
9599 ft. Sometime in the few weeks before the running of this casing, a 
high-temperature, magnetic multishot survey was done in EE-1 by Eastman 
Whipstock. The exact date is uncertain, because the survey was neither 
described nor referred to in any of the reports of the time. But in a report 
published about three years later, after the redrilling of GT-2, the position 
shown for the EE-1 borehole is based on data from that October 1975 
Eastman Whipstock survey (Fig. 20 in Pettitt, 1978b). Obviously, by 1978 
the drilling personnel had recognized that these earlier magnetic multishot 
data represented the best knowledge of the EE-1 borehole trajectory—better 
than the data from any of the later (1977) gyroscopic surveys in EE-1.

J-55 pipe; the 999-ft-long lower section consisted of 7 5/8-in., 26.4-lb/ft, 
Grade N-80 pipe (the lower section was smaller in diameter to provide 
additional annular clearance for the cement in the 9 5/8-in. drilled hole). As 

 A day later, the lower section of casing was tag-cemented by Halliburton 
Oil Well Cementing Co. Some 1800 gal. of highly retarded cement slurry, 

casing; it was followed by an 8 5/8-in.-diameter wiper plug of soft rubber, 
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stopped and the annulus was shut in. After shut-in, the surface pressure 
on the annulus was 800 psi—higher than would have been expected for a 

below the casing shoe was contributing to this pressure.
 The GT-2 borehole was kept pressurized during the cementing operation, 
to prevent any cement from entering the fracture connection. Unfortunately, 
there was also an unintended consequence: the pressurized water from 

EE-1 borehole outside the casing, slowly displaced the cement upward. As 

InfoNote
 We emphasize in the strongest terms that the error in cementing the EE-1 
casing should not have occurred. There was no evidence at that time, nor has 
any come to light since, that—at the modest pressures used for cementing—

opened and then depressurized. In fact, during the early drilling of GT-2, 

disastrous results, as described earlier in this chapter. The belief on the part of 

inadvertently be closed off with cement stemmed from lack of understanding 
of what had happened during the drilling of GT-2.

 After a 24-hour wait for the cement to set, a bit run was made to clean 

drilled through, the tag-cement job was pressure-tested with the rig pumps 
to about 1000 psi, which revealed no problem.
 Before the drill rig was released on October 27, a cement-bond log was 
run by Dresser-Atlas. It revealed that—owing to the unintended upward 
displacement of the cement (accompanied by "water-cutting" and chan-
neling of the lower portion, in the annulus outside the 7 5/8-in. casing)—
bonding from the cement shoe at 9599 ft to 9020 ft was only 30% to 50%. 
Over the 9020–7900 ft interval (in the smaller annulus outside the 8 5/8-in. 
casing, which was less affected by the water-cutting and displacement), 
bonding was good—95% to 98%. The completed EE-1 borehole, including 
the details of the casing cement job, is shown in Fig. 3-26.
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Fig. 3-26. The EE-1 borehole, as completed in October 1975.
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Where the Boreholes Really Were

from, rather than toward, the N27W-striking joint emanating from the 
bottom of GT-2, the hoped-for reservoir connection was not achieved. 
By the time magnetic multishot surveying was done later in October, 
the hole had already been turned in the wrong direction and been 

 053 ft. (The Project staff, not yet 
aware of the true relative positions of the boreholes, believed that the 

 It would be nearly a year and a half before additional survey data 
shed more light on this issue. In 1975, the Laboratory had signed 
contracts with both Eastman Whipstock and Sperry-Sun for the devel-
opment of high-temperature gyroscopic surveying tools.15 When tested 
in both boreholes in early 1977, these tools would perform well in 
GT-2 (a borehole with only modest horizontal displacement) but only 
marginally in EE-1, with its much greater horizontal displacement. 

surveys was as accurate as the Eastman Whipstock magnetic multishot 
survey of October 1975. For GT-2, the Eastman Whipstock gyroscopic 
survey was not only better than either of the Sperry-Sun surveys, it was 
also superior to the magnetic single-shot surveys performed during 
drilling (which may have been adversely affected by the magnetic 
mineral content of the deeper granitic rocks).
 Figure 3-27, which combines the best trajectories for the two bore-
holes (1975 magnetic multishot survey in EE-1 and 1977 gyroscopic 
survey in GT-2), shows that the trajectories depicted in Fig. 3-23 had 
been somewhat in error—by about 1/2%. The bottom of GT-2 was 

15When the Fenton Hill experiments began in 1974, most of the techniques, 
equipment, and instruments needed for characterizing a 10 000-ft-deep 
HDR reservoir in basement rock, at temperatures above 200°C, did not 
exist. Conspicuously lacking were reliable methods of borehole surveying 
at temperatures far higher than those encountered in petroleum drilling up 
to that time. For example, the magnetic surveying techniques used in the 
effort to determine the relative positions of GT-2 and EE-1 had produced 

magnetite content of the basement rock) and the elevated temperatures. 
This need for better survey data would lead the Laboratory to negotiate 
contracts with Eastman Whipstock and Sperry-Sun, both of Houston, TX, 
for the development of high-temperature (at least to 200°C) gyroscopic 
borehole-surveying tools. The tools built by the two groups would use the 
same basic design: a vacuum heat shield and a Cerrobend (low-melting-
temperature) heat sink to protect the gyroscope and batteries. The Eastman 
package would feature a surface readout, whereas the Sperry-Sun tool 
would be entirely self-contained with internal recording.
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actually some 35 ft farther south and 30 ft farther west than had been 
indicated by magnetic single-shot surveys (Figs. 3-21 through 3-23); 
and at 9575 ft, EE-1 was actually 37 ft farther south and 15 ft farther 
west than shown in Fig. 3-23.
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Fig. 3-27. Plan view of the trajectories of the completed GT-2 and 
EE-1 boreholes below 7000 ft, based on the Eastman Whipstock high-
temperature magnetic multishot survey of EE-1 (October 1975) and 
the Eastman Whipstock high-temperature gyroscopic survey of GT-2 
(January 1977). 
Adapted from Pettitt, 1978b 
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 But much more serious, the seismic data analysis that showed 
EE-1 at 9575 ft as almost due west of GT-2 was in error by 180º! 
The hodogram method used for the analysis is inherently subject to an 
ambiguity of 180º with regard to the direction of the received seismic 
signals: if the geophone and/or detonator coupling is poor—as it was 
in this case—the sign of the initial rise in the P-wave arrival is not 

combination with the 1977 gyroscopic survey of GT-2 (Fig. 3-27), 
would show the true position of EE-1 at that depth to be nearly due 

 of GT-2. The region of near-intersection of the two boreholes seen 

horizontal distances between the two at 9100 ft and 9575 ft in EE-1. 
These distances—52 ft at 9100 ft and 28 ft at 9575 ft—corroborate 
those found by seismic ranging at the same depths, i.e., 52 ft and 26 ft.
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Fig. 3-28. 
borehole trajectories shown in Fig. 3-27. 
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Studies of the Deep Joints Stimulated from EE-1 
and GT-2 and Attempts to Improve the Hydraulic 
Connection (November 1975–November 1976)

The HDR Project staff recognized that the hoped-for low-impedance 
hydraulic communication between GT-2 and EE-1 had not been achieved 
because the deeper portion of EE-1 had failed to intersect the large joint 
emanating from the bottom of GT-2. The ready answer for this failure was 
that the downhole geometry at Fenton Hill—both of the boreholes them-
selves and of the surrounding jointed rock—was not well understood. 
This indeed was a factor, particularly given that the relative positions of 
the two boreholes were still not known; but of course the major factor was 
that because of the misinterpretation of seismic data using the hodogram 
method, the two boreholes had been getting farther apart, rather than closer, 
as EE-1 was deepened below 9575 ft. As emphasized earlier, this confusion 
could and should have been resolved before drilling proceeded—techniques 
for doing so were available—but it was not.
 Believing, then, that the Project's major need at this stage was better 
knowledge of the downhole environment, the team decided that the coming 
year's work would focus on studies designed to

characterize, through a variety of interrogation techniques, the 
geometry (size, strike, and dip) of the principal pressure-stimulated 
joint near the bottom of GT-2 and of the one or more joints pressure-
stimulated below 9000 ft in EE-1, and 
improve the hydraulic communication between the two boreholes.

 As noted above, if magnetic multishot surveying of EE-1 had 
been done when the bottom of the hole was at 9575 ft, the results 
would have stopped the project "dead in its tracks" until a concerted 
diagnostic effort could resolve the question of where the boreholes 
really were relative to one another! Instead, when directional drilling 
recommenced in October 1975, the turning of the EE-1 trajectory in 
a very tight arc to the east (ultimately, to N77E at a depth of 9690 ft) 
took the borehole in the wrong direction—away from GT-2 and from 
the target joint. The decision was entirely based—even in the face 

seismic analysis, of the position of EE-1 vis-à-vis GT-2. Continued 

ever farther from its intended target!
 The remainder of this chapter describes how the true positions of 
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 These studies, carried out between November 1975 and November 
1976, involved numerous experiments and tests. For many of these, a 

used. (This pump, procured by the HDR Project in late 1975, was there-

this series were numbered, beginning with Experiment 101. However, not 
all of the experiments originally proposed were actually conducted; some 
experiments ended up with null results because of failed instrumentation 
or equipment, severe weather, or other problems; and in a few cases the 
chronological order of experiments differed from that indicated by their 
numbers. Table 3-12 lists the most important of the experiments, and these 
are referred to as appropriate in the discussion that follows.
 The information in this section is taken mainly from Blair et al. (1976), 
HDR Geothermal Energy Development Project (1978), and Pettitt (1978b).

Table 3-12. Major experiments and tests to investigate the deep system of joints 
and improve hydraulic connectivity (November 1975–November 1976)
Expt.  
No. Date Description Remarks
101 6 Nov.  

1975
Background temperature 
log in GT-2.

Temperature anomalies at about 
9200 ft (a hole had been milled 
in the liner) and 9450 ft (liner 
was perforated); bottom-hole 
temperature constant at 197°C.

102 12 Nov. 
1975

Pumping into GT-2 at 
9 gpm and 1000 psi.

104 2 Dec.  
1975

Background temperature 
log in EE-1.

No anomalies noted. Bottom-hole 
temperature = 205.5°C.

105 3–4 Dec. 
1975

Temperature log in GT-2 
during pumping into 
EE-1 at 34 gpm (injection 
pressure = 1150 psi).

EE-1 injection = 13 600 gal.; GT-2 

9200 ft, 25% from 9450 ft.

106 23–24 Dec. 
1975

Pumping into EE-1 at 
34 gpm, followed by 
temperature logging 
(injection pressure = 
1360 psi).

EE-1 injection = 11 600 gal.; GT-2 

temperature change. Impedance = 
155 psi/gpm (17 MPa per L/s).

109 11 Feb. 
1976

Induced-potential and self-
potential logs in EE-1.

Logs show conductive zone from 
9770 to 9780 ft (below casing at 
9599 ft).

111 16–19 Mar. 
1976

Pumping into EE-1 at 
several pressures, up to  
1320 psi, with GT-2 
shut in.

EE-1 injection = 27 000 gal.; GT-2 
pressure = 950 psi. After shut in  
of both wells for 53 hours,  
EE-1 = 705 psi, GT-2 = 730 psi.
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Table 3-12. (Continued)
Expt.  
No. Date Description Remarks
114 4–7 Feb. 

1976 potential of hydraulic 
connection with joint 

Both holes pressurized in steps to 
about 1300 psi, then GT-2 slowly 
vented (25 psi/h) at 14–20 gpm. 
Measured 3 in GT-2 =1240 psi. 

(5.5 MPa per L/s).

115 23–24 Mar. 
1976

Residence-time analysis 
of joint system by means 
of tracer techniques. EE-1 
injection pressure held at 
1300 psi.

EE-1 injection = 60 080 gal. with 

Substantial tracer dispersion seen in 
interconnected joint system.

116 20–21 Mar. 
1976

Iodine tracer injections 
into GT-2 and EE-1. 
Gamma-ray logging in  
both boreholes and cement-
bond log in GT-2 (all by 
Dresser-Atlas).

EE-1 joint intersection from 9610 
to 9690 ft, oriented N54W. GT-2 
injection at 9200 ft through liner 
where Otis packer previously 
milled out and liner breached.

117 3–5 Mar. 
1976

Mapping of EE-1 joint. 

4 BPM and 1600 psi, then 
at 5 BPM and 1700 psi, 
with geophone package in 
GT-2.

Orientation of geophone package 
achieved. Many discrete seismic 
signals received from different 
azimuths and depths.

119 27–29 April 
1976

Residence-time analysis 

(pumping into EE-1 with 

a controlled pressure of 
700 psi, GT-2 vented).

EE-1 injection = 31 540 gal. with 
1.8 gal. of concentrated dye.  
First dye appearance in GT-2:  
2500 gal. after maximum calculated 
short-circuit time. 91% of injected 
volume recovered. Final impedance 
= 75 psi/gpm (8.2 MPa per L/s).

120 11–14 May 
1976

Constant-pressure injection 
into EE-1 (34 gpm, 
1350 psi) for 90 hours. 
Flow from GT-2  
maintained at 10 gpm.

Steady-state circulation  

impedance = 26 psi/gpm  
(2.8 MPa per L/s); EE-1 injection = 
182 730 gal.; GT-2 production = 
145 750 gal. (80%).

122 6 May  
1976

Seismic mapping of EE-1 
joint at 9650 ft.

Many problems with faulty 
geophones, lightning strikes, and 
power outages. No seismic data.
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Table 3-12. (Continued)
Expt.  
No. Date Description Remarks
122A 10 May  

1976
Continuation of Expt. 
122—injection into EE-1 
of 41 400 gal. at 5 BPM 
and 1200 psi (injection 
pressure very close to 3 
measured during Expt. 
114). With GT-2 vented, 

When GT-2 shut in, pressure leveled 
off at 1102 psi in 1 hour; when 

24 psi/gpm (2.6 MPa per L/s) at end 
of injection—an early indication of 
the opening up, behind the casing, 
of a higher joint (later located at 
9050 ft) that would develop into the 

127 16–17 June 
1976

Ranging experiment 

separation at 9100 ft.

46-ft separation measured, 
consistent with the 52-ft separation 
measured earlier at this depth. 

129 22–29 June 
1976

Seismic mapping of EE-1 
joint at 9050 ft.

50 320 gal. injected into EE-1. 

obtained.

133 19–21 July 
1976 impedance during 

rates of 34 and 43 gpm 
and pressures up to 
1550 psi; measurement of 

GT-2 high-pressure string 

from GT-2 joint into region 
behind scab liner and into 
annulus just above liner.

Temperature measurements in 

GT-2 joint now exiting that joint 
between 9015 and 9100 ft—through 
channeled cement behind scab liner 
and then into annulus above liner 
(rather than into borehole through 
high-impedance milled hole in liner, 

to drop from 100 psi/gpm to  
30 psi/gpm (3.3 MPa per L/s).

137 1–11 Nov. 
1976

Flow test to ascertain 
baseline parameters for 
sodium carbonate leaching 
experiment (250 000 gal. 
injected at low rate).

Flow rate and pressure information 
analyzed. Flow impedance at end of 
test stabilized at 75 psi/gpm.

138 11–18 Nov. 
1976

Sodium carbonate used to 
leach quartz from contact 
surface of 9050-ft in EE-1; 
borehole shut in on 17 Nov. 
at 1200 psi.

Test results evaluated. 
Flow impedance , to 
90–100 psi/gpm.

144A 7 Oct.  
1976

Temperature log in GT-2 
with new thermistor.

Temperature logging over full depth 
of borehole.

144B 21 Oct. 
1976

Temperature log in EE-1 
with new thermistor.

Temperature logging over full depth 
of borehole.

145 14 Oct. 
1976

Repeat of ranging 
experiment in GT-2 (at 
9020, 9090, and 9390 ft)
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Temperature Logging to Detect Fluid Entry/Exit Points
The temperature log in GT-2 (Expt. 101) indicated that injected water was 
exiting the borehole—not only at the bottom of GT-2, but also through the 
scab liner at about 9200 ft (where a packer had been milled out) and through 
perforations at about 9450 ft. This information suggested that the GT-2 joint 

 joints. 

-
tion. Three weeks later, Expt. 104 (background temperature logging in 

 During Expt. 105 (December 3–4), EE-1 was pressurized at 34 gpm 
for a total of 400 minutes while temperature logging was done in GT-2. 
Comparison of the size of the temperature anomalies at 9200 and 9450 ft 

that at 9450 ft. However, because of the very short distance—38 ft—from 
the bottom of the scab liner at 9581 ft to hole bottom (and the considerably 
larger diameter of the open hole vis-à-vis the liner), it was not possible to 

below the liner in early 1975.

Joint Mapping Experiments

the staff rather incredulous that the supposedly direct connection between 
EE-1 and the joint extending downward from the bottom of GT-2 did not 

repeated pressure-exercising of the connecting network of joints, was 
26 psi/gpm. Experiments 115 and 116 (tracer tests) showed a high degree of 

 Experiment 117, performed in early March of 1976, was an attempt 
to map the EE-1 joint opened the previous October at a depth of 9650 ft 
and then repressurized twice in December of 1975.16 This experiment was 
essentially a repeat of the October 10, 1975 seismic experiment, but with the 
roles of the boreholes reversed—injection into EE-1 and seismic recording 
in GT-2.

16This joint was initially opened on October 14, 1975 (at a pumping rate of 2.1 BPM 

on December 3–4, 1975 (Expt. 105, when 13 600 gal. of water was injected 
at a pressure of 1150 psi) and again on December 23–24 (Expt. 106, when  
11 600 gal. was injected at a pressure of 1360 psi).
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 On March 3, the geophone package was positioned in GT-2 (at hole 
bottom—9619 ft—because the magnetic orientation tool attached to the 
sonde needed to be in an uncased portion of the borehole). For two hours 

rate of 4 BPM (11 L/s) and a pressure of 1600 psi; during that time the 
geophones recorded 15 microseismic events.
 Following an overnight shut-in, the geophone package was again posi-

then extended over a 2 1/2-hour period, by the injection of an additional 
22 000 gal. of water at a rate of 5 BPM (13 L/s) and a pressure of 1700 psi). 
On this second day, 65 microseismic events were recorded—at a rate of 

during the joint-extension stage.
 Because of the low signal-to-noise ratio, which rendered the P-wave 
arrival times uncertain, none of the events of the second day could be 
used to map the orientation of the EE-1 joint. And of the 15 events of 

information usable for mapping. On the assumption that the EE-1 joint 
was vertical,17 its plane—as derived from those six event locations—
would be as shown in Fig. 3-29, with a strike of N54W. This plane would 
place the joint about 75 ft southwest of the geophone location in GT-2. 
Even if the position of EE-1 relative to the bottom of GT-2 had been as 
shown in Fig. 3-23, as believed at the time, such a location for the EE-1 
joint would be improbable to say the least: the trace of the joint would 

with respect to the true relative positions of the two boreholes—which 
would be discovered only the following spring—such a location would 
have been virtually impossible.

17Open-hole portions of both boreholes, beginning with GT-2 in 1975, were period-
ically surveyed by the USGS with their high-temperature borehole televiewer, 
a sonic scanning tool that can detect and map natural joints and induced frac-
tures intersecting the borehole wall. These surveys, and analyses of the vertical 
extent of temperature anomalies in the boreholes, indicated that the principal 
joints connected to EE-1 and GT-2 were essentially vertical.
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Fig. 3-29. Plane of the EE-1 joint at 9650 ft, as determined during Expt. 117 
in early March, 1976.
Adapted from Blair et al., 1976

 A radioactive iodine survey (part of Expt. 116) and temperature logging 
followed Expt. 117, aimed at measuring the orientation of the EE-1 joint at 
its intersection with the borehole. Both methods yielded a height of 80 ft for 
the joint intersection, with a midpoint at 9650 ft. On the basis of the known 
inclination and direction of the EE-1 borehole at 9650 ft, and assuming that 
the joint was vertical, the strike was calculated to be N54W, the same as 
that determined by Expt. 117 (Fig. 3-29). It is obvious that, given the bore-
hole positions shown in Fig. 3-27, a N54W-striking joint intersecting the 
EE-1 borehole at 9650 ft could not at the same time occupy the position in 
space shown in Fig. 3-29 (75 ft southwest of GT-2). Experiment 117, then, 
again demonstrated the 180° ambiguity inherent in the hodogram method 
when determining direction to individual microseismic events. In reality, 
the EE-1 joint was 75 ft northeast of the bottom of GT-2 (but the orientation 
shown in Fig. 3-29—N54W—was still correct).
 From April 27 to 29, to further investigate the joint system connecting 
the two boreholes, GT-2 was vented and a dye tracer was injected into EE-1 

pumped into the borehole at a controlled injection pressure of 700 psi. The 

-
ized joints was very small.
 A third experiment to map the orientation of the EE-1 joint at 9650 ft took 
place a couple of weeks later, in two parts (122 and 122A); but the experi-
ment failed because of a faulty vertical geophone, which severely hampered 
the hodogram analysis. The injection pressure at which some 41 400 gal. 
of water was injected into EE-1, at a rate of 5 BPM, was about 1200 psi—
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somewhat lower than those of previous high-injection-rate experiments (for 
example, the pressure during Expt. 117 had been 1600 psi). This was the 

had been declining) at 24 psi/gpm—the lowest value measured to date. In 
fact, given the high rate of injection, this lower impedance suggested that a 

a new joint opening (which would later be located at about 9050 ft).

 Note: At this juncture, in mid 1976, the results of the tests and experi-
ments performed so far had led to the following conclusions regarding the 

Nearly parallel joint systems had been developed from the bottoms of 
GT-2 and EE-1.

meaningful heat extraction experiment to be carried out.
The rock between the GT-2 and EE-1 joints presented a considerable 

 Although some additional experiments were planned, to attempt to 

viewed as the most practical option for achieving a viable HDR heat-extrac-
tion system at Fenton Hill. Preliminary studies for a redrilling program 

other experiments, a small group was formally organized for in-depth study 
of the problems anticipated in redrilling and to make recommendations 
for directionally drilling out of one borehole to intersect the joint system 
opened near the bottom of the other.

in late June of 1976, would yield a surprising result. During this experi-
ment, 50 320 gal. of water was injected into EE-1 at a rate of about 1.7 BPM 
(4.5 L/s), in four stages (each lasting one day), while the geophone package 
was positioned at four different stations within the scab liner in GT-2. Unfor-
tunately—because of the low signal-to-noise ratio of the seismic recording 
system and differences in the frequency response between the high-tempera-
ture geophones—the only usable seismic data came from the fourth day, when 

A map of these events is shown in Fig. 3-30 (traces of a typical microseismic 
event, recorded by the vertical and two horizontal geophones, appear below 

P-wave arrival as it emerges from the background noise, as opposed to the 
relative ease of picking the subsequent S-wave arrival.
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Fig. 3-30. Plane of the higher EE-1 joint (subsequently located at 9050 ft), 
as determined during Expt. 129 in late June, 1976. Also shown is a typical 
microseismic event recorded during this experiment.
Source: HDR, 1978

 The surprise came when the results of Expt. 129 were compared with 
those of Expt. 117 (Fig. 3-29). The joint located during Expt. 117 had been 
mapped as southwest of GT-2, whereas the one mapped during Expt. 129 
was clearly to the northeast. (The problem, as would be seen later, was that 
the position of the GT-2 borehole—shown in Fig. 3-23—was in error; the 
joint located during Expt. 117 actually lay almost on top of GT-2, rather than 
southwest.)
 The different injection pressures recorded for Expt. 117 (1600 psi) and for 
Expt. 122A (1200 psi) suggests that two separate, but essentially parallel, 
joints had been pressure-stimulated in EE-1: during Expt. 117, the N54W-
striking joint that intersected the borehole at 9650 ft (originally opened in 

a strike of N55W was opened higher up, behind the EE-1 casing. This 
higher joint is the one that was very tenuously mapped—on the basis of only 
11 events—during Expt. 129. Later temperature logging, radioactive tracer 
testing, and other diagnostics (Expt. 156, in February of 1977) would locate 
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this joint at 9050 ft. Its opening was apparently the result of repeated pres-
sure and temperature cycling in EE-1 during Expts. 114, 117, 119, 120, and 

behind the casing (already substantially channeled by water during the 
original cementing job, when GT-2 had been kept pressurized) and open a 
weakness in the borehole wall.
 This higher joint was slightly permeable and must have had a very favor-
able orientation relative to the earth stresses. Pressure data for this joint, 
obtained from the shut-in GT-2 borehole during Expt. 122A, showed the 

depth range—only 1100 psi—making it the closest yet to being orthogonal 
to the least principal earth stress.
 The new joint connection thus created in EE-1 would have serious rami-

at 9650 ft, had more promising attributes—e.g., a deeper entry point for heat 
transfer and a closer physical proximity to the GT-2 joint; but although still 

essentially inactivated (it required an injection pressure of 1500–1600 psi 

only 1200 psi).

investigated by injection into EE-1 at the fairly low rates of 34 and 43 gpm 
(Expt. 133). A few months earlier, in March 1976, a radioactive tracer test 
in the scab liner of GT-2 (part of Expt. 116) had shown that approximately 

connection was the vertically highest indication of that joint, and therefore 

GT-2—above the scab liner and outside the high-pressure casing—accom-

to 30 psi/gpm). Temperature logging inside the scab liner showed that the 

of the liner (evidently through the region of poorly bonded cement). In other 

 The fact that the GT-2 target fracture was initially accessed from below the 
scab liner (at about 9600 ft), then at several interim points along the liner (via 

was at 8973 ft), shows the unusual continuity of this joint. Indeed, if one exam-
ines the trace of the GT-2 borehole below 9000 ft—the portion containing the 
scab liner (see Fig. 3-27)—it is easy to see how that portion of the hole and a 
vertical joint striking N27W could lie in essentially the same plane.
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 Note: 
impedance between EE-1 and GT-2 had been reduced to 24–30 psi/gpm 
(Expts. 122A and 133). Therefore, had GT-2 been completed to just above 

observed during Expt. 133, from the GT-2 borehole to the GT-2 joint, a 

(and considerable expense and time could have been saved). With EE-1 as 
the injection well and GT-2 as the production well, additional stimulation 

impedance of only a few psi/gpm when operated under high-backpressure 
-

ship to reservoir productivity in Chapter 2.)

Quartz-Leaching Experiments to Reduce Flow Impedance 
Experiments 137 and 138, referred to as the quartz-leaching experiments, 

the two boreholes. Silica (quartz) would be removed from the surfaces of 
the joint network connecting the higher joint in EE-1—now recognized 

pinpointed—with the large joint near the bottom of GT-2.
 Experiment 137 was designed to ascertain baseline parameters, particu-

evaluating the effects of sodium-carbonate dissolution of silica from the 
joint surfaces during Expt. 138. Some 250 000 gal. of water was injected into 

ranging from 43 gpm initially to 20 gpm at the end of pumping. Near the 
end of this phase of injection, GT-2 production leveled off at 15 gpm and a 

 On the afternoon of November 11, 1976—immediately following 
Expt. 137 and without any interruption of pumping or change in rate or injec-
tion pressure—Expt. 138 began. This silica-leaching experiment consisted 
of injecting a large volume (nearly 48 000 gal.) of a 1-normal solution of 
sodium carbonate at a controlled injection pressure of 1200 psi. By the next 

the end of Expt. 137 to 12 gpm. It would remain at that lower value for the 
remainder of the experiment.

-
tration (20 ppm) was still relatively low and the silica concentration was 
unchanged at 200 ppm. After 47 870 gal. of carbonate solution had been 
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-
tration rose to 140 ppm. The two eventually peaked at 2500 ppm and 
190 ppm, respectively. On November 17, after the cumulative injection of 

 The results of these two experiments were at best confusing. Even 

1 and 2 tons of silica had been leached from the fracture system during 

from the 30 psi/gpm level of Expt. 133—to 75 psi/gpm during Expt. 137 
and then to 90–100 psi/gpm during Expt. 138. A review of the downhole 

of the joint system connecting EE-1 to GT-2 was measured as 24 psi/gpm. 
It was at this stage, evidently, that most of the water injected into EE-1 

it reached the very sharp intersection with the N27W-striking GT-2 joint, 
which probably lay about 100 ft northwest of the injection point in EE-1.18

 At an injection pressure of 1200 psi, the EE-1 joint would have been 
"jacked open"—and therefore one can assume that its body impedance was 
at least as low following the carbonate treatment as before. The most likely 
explanation for the much higher overall impedance, then, is that the imped-

following the treatment. Mineral residues liberated during the leaching of 
silica, from both the casing cement and the surfaces of the 9050-ft joint in 
EE-1, probably ended up partially plugging the interconnection between the 
two joints (and possibly portions of the GT-2 joint as well).

18

but at no time during the pressure-testing of EE-1—after the opening up of the 
9050-ft joint—was the borehole subjected to the elevated pressures (3500 psi 
and above) needed to open such connecting joints. A set of inclined joints would 
be opened later in Phase I reservoir testing, after the bottom of the EE-1 casing 
had been re-cemented and the deeper joint (at 9650 ft) reactivated.
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The Awakening: Early 1977

The realization that the silica-leaching experiment had degraded rather than 

of the situation obvious to almost everyone: Because the drilling trajec-
tory for EE-1 had been turned away from the target joint at the bottom of 
GT-2 several tens of feet short of intersection, the planned direct connec-
tion between the two boreholes had not been achieved. Moreover, it did 

impedance between the two boreholes could reasonably be reduced to any-
thing near the hoped-for value of 10 psi/gpm or less.

was ever to be achieved, one or the other of the two deep boreholes would 
need to be redrilled. With EE-1 cased to about 9600 ft, the obvious choice 
was to redrill GT-2 to intersect the joint opened behind the casing in EE-1.
 Naturally, redrilling meant that the positions of GT-2 and EE-1 relative to 
one another—which at that time were still uncertain (was EE-1 east or west 
of GT-2?)—would need to be unequivocally determined. In addition, the 
actual height and orientation of the EE-1 joint at 9050 ft would need to be 

between December 1976 and March 1977 (Table 3-13).

Table 3-13. Experiments to determine the relative positions of GT-2 and EE-1 and 
to characterize the major EE-1 joint (December 1976–March 1977)
Expt.  
No. Date Description Remarks
149 2 Dec. 

1976
Magnetic ranging 
experiment between 9655 
and 9735 ft in EE-1, to 
determine the relative 
positions of GT-2 and 
EE-1.

With Sperry-Sun survey compass at 
GT-2 bottom (9619 ft), bar magnet 
lowered in EE-1; compass response 
shows bottom of EE-1 east of GT-2 
(not west, as previously found 
seismically by the hodogram method). 

150 12–13 Jan. 
1977

Seismic experiment to 

(large geophone package, 

coupling, run into EE-1; 

Considerably improved seismic 

as east, not west, of GT-2 in the deeper 
region of interest.

156 7–11 Feb. 
1977

Cement-bond log and 
radioactive iodine tracer 

path(s) in EE-1, by  
Dresser-Atlas.

Little or no cement behind casing 
from 9599 ft up to 8980 ft, allowing 

higher joint; tracer results show this 

EE-1 and locate it at 9050 ft.
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Table 3-13. (Continued)
Expt.  
No. Date Description Remarks
157 28–31 Jan. 

1977
Surveys of EE-1 and GT-2 
with newly developed, 
high-temperature Eastman 
Whipstock gyroscopic tool.

The Eastman Whipstock survey 
of GT-2 turned out to provide 
the best data for the location of 
this borehole. (Both Eastman 
Whipstock and Sperry-Sun tools 
run on Laboratory logging cable.)14–16 Feb. 

1977
Surveys of EE-1 and GT-2 
with Sperry-Sun heat-
hardened gyroscopic tool.

159A 8 Mar.  
1977

Shear-shadowing experiment 
to determine upper extent of 
major EE-1 joint at 9050 ft. 
Geophone package positioned 
in GT-2 at 9045 ft; three 

depressurized (to obtain 
background response) and 

into EE-1 at a pressure of 
1550 psi).

Detonator position very 
inappropriate for a joint 
intersecting the borehole at about 
9050 ft. Faulty experiment design 
(based on belief that the joint 
being tested was the deeper one—
at 9650 ft) led to placement of 
detonators much too close to joint 
intersection. Result: Moderate 
shear-wave attenuation with joint 
pressurized.

159B 9 Mar.  
1977

Repeat of Expt. 159A at 
shallower depth (8487 ft 
in EE-1, 8544 ft in GT-2), 
thought to be well above 
upper extent of joint. 

attenuation at this depth with joint 
pressurized. Result unexpected 
(this experiment, like 159A, 
erroneously designed to test joint 
originating at 9650 ft).

159C 21 Mar. 
1977

Repeat of Expt. 159A at 
8762 ft in EE-1, 8794 ft in 
GT-2.

Maximum shear-wave attenuation 
at this depth, demonstrating  
origin of EE-1 joint at 9050 ft,  
not 9650 ft.

159D 22 Mar. 
1977

Repeat of Expt. 159A at 
8000 ft in EE-1, 8123 ft in 
GT-2.

waves—implying upper extent of 
EE-1 joint just below 8080 ft.

160 16 Mar. 
1977

Induced-potential (IP) 
measurement of EE-1 joint 
at 9050 ft to determine upper 
extent of dilated region.

With current electrode at 9700 ft 
in EE-1, GT-2 surveyed with 
voltage probe while EE-1 joint 

Marked decrease in GT-2 voltage 
potential seen in 8500- to 

Results consistent with those 
of Expt. 159D—show joint 
extending upward to about 
8300 ft.
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Additional Ranging Experiments
For Experiment 149 (a magnetic ranging experiment), a 25-ft-long perma-
nent magnet was lowered into EE-1 below the casing, after which a heat-
shielded Sperry-Sun survey compass was positioned at 9619 ft in GT-2 (at 
the bottom of the open-hole interval). With the magnet positioned at several 

-
tent with an EE-1 location east of GT-2 showed excellent matches (all the 

 These unequivocal magnetic ranging results totally contradicted all the 
hodogram-based directional inferences from the acoustic ranging experi-
ments that had been done in the summer and fall of 1975, which had shown 
EE-1 as west of GT-2. It was this discrepancy—now undeniable—that 

the hodogram method: the HDR Project seismologists at last realized that 
-

neous. At the same time, they realized that in the absence of other choices, 
the hodogram method would continue to be used in reservoir development 
operations—and therefore it was imperative that the problem of ambiguous 
directional indications be resolved.
 In preparation for further experiments and borehole surveys, DA&S Oil 
Well Servicing Co. of Hobbs, NM, was called out to Fenton Hill to remove 
the pressure string and polished-bore-receptacle (PBR) mandrel from GT-2. 
By December 20 these operations were complete, and in mid January 1977 
Expt. 150 took place. This seismic ranging experiment was designed to test 

position the detonators in the center of the borehole (to ensure symmetrical 
explosions) and a new, 6-in.-diameter geophone instrument package that 

 With the geophone package at 9560 ft in EE-1, twelve detonators were 

various package orientations could be tested. The standard deviation of the 
data for a single measurement was 8.6°. Experiment 150 was successful and 

data was 2.6°): the mean bearing of EE-1 in relation to GT-2 was 101°—in 
other words, east! Happily, the new equipment worked well, and the direc-
tion information obtained via hodogram analysis was at last correct!

Gyroscopic Borehole Surveys
The fallacious geophysical data interpretations of the previous year having 
been recognized, the HDR Project team now focused on obtaining, via a 
new set of surveys, a "most-probable" picture of the GT-2 and EE-1 trajec-
tories—particularly the relative positions of the two boreholes at depth, 
which would be essential for planning the redrilling program. (As noted 
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above, even after these surveys it would be the EE-1 trajectory indicated by 
the magnetic multishot survey obtained more than a year earlier that would 

 In early 1977, Expt. 157 began. Both EE-1 and GT-2 were surveyed 
with Eastman Whipstock's newly developed high-temperature gyroscopic 

January both boreholes were successfully surveyed. But disturbingly, the 
results showed a separation between the boreholes (at around 9500 ft) of 
46 ft—not in very good agreement with the numerous acoustic ranging 
measurements showing a separation of about 26 ft. In mid February, the 
new high-temperature gyroscopic tool developed by Sperry-Sun was tried. 
Multiple surveys were run in both boreholes, but the results only added to 

after they had commissioned and funded the development of this new tool). 
The various gyroscopic surveys of the two boreholes below about 8000 ft are 
compiled in Fig. 3-31. 
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Fig. 3-31. Trajectories of the EE-1 and GT-2 boreholes as shown by high-
temperature gyroscopic surveys (January–February 1977). 
Source: HDR, 1978
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Immediately evident in Fig. 3-31 is the lateral spread among the EE-1 
surveys, which is greatest between the Eastman Whipstock survey and those 

Sperry-Sun runs 3 and 4. The three gyroscopic surveys of GT-2 were much 
more internally consistent: they show the bottom of GT-2 about 40 ft south of 
the location indicated in Fig. 3-21 (which was based on magnetic single-shot 
surveys taken during drilling). It is likely that the differences among the EE-1 
surveys were due mainly to the more tortuous and longer path of the borehole 
through the directionally drilled interval, and to the cumulative error in the 
sequential readings taken from the surface. The only real conclusion that can 

 The analyses, discussions, and debates that followed Expt. 157 eventu-
ally led the team to conclude that

for the EE-1 borehole, the October 1975 Eastman Whipstock magnetic 
multishot survey (Figs. 3-27 and 3-28) was much more accurate than any 

the Eastman Whipstock gyroscopic survey of GT-2 (which fell between 
the two Sperry-Sun surveys) gave the best trajectory for GT-2.

 These conclusions meant that (1) the borehole separation at 9575 ft was 
28 ft, consistent with that measured earlier by acoustic ranging (26 ft); 
and (2) at GT-2 hole bottom (9619 ft), the bearing from GT-2 to EE-1 was 

-
ings of Expt. 149.

Additional Tracer and Cement-Bond Surveys
In early February 1977, a radioactive-iodine tracer survey (Expt. 156) and 

 
traveling up through the region of poor cement and then exiting the annulus 
via the joint at 9050 ft).

-

was that more than 90% of the water injected down the casing was turning 

33 ft long (from 9082 ft up to 9049 ft). In other words, these tracer results 

in EE-1 was the one at 9050 ft, not the deeper joint at 9650 ft.
 The cement-bond log showed that up to about 8980 ft, there was now 
essentially no cement behind the EE-1 casing—not surprising, because the 
cement, being rich in silica, would have lost much of that component during 
the silica-leaching experiment (No. 138).
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Shear-Shadowing Experiments
These experiments—Nos. 159A, B, C, and D—along with an induced-

data needed to select the best path for redrilling GT-2 to intersect the upper 
part of the EE-1 joint. The shear-shadowing experiments were devised to 
measure the height of the opened portion of this joint. With the point of 

drilling target near its upper extent would provide the optimum separation 

 Simply stated, the shear-shadowing principle is based on the fact that 

attenuated compared with that of a signal transmitted across the same joint 
depressurized. The degree of attenuation depends on the width and lateral 
extent of the joint at the signal-crossing depth, both of which would be 
expected to be greatest near the center of the joint.
 These experiments lasted two weeks. High-temperature explosive deto-
nators were run into EE-1 on a wireline and positioned sequentially at 
several depths. For each experiment, a geophone package was positioned at 

-

wave attenuation would be seen at about the joint's mid-height, where the 

near its intersection with the borehole at 9050 ft).
 It appears that for some obscure reason, the geophysicist in charge of this 

in EE-1 was via the joint originating at 9650 ft—even though by now it was 
recognized that the higher joint, at 9050 ft, was accepting the bulk of the 

ongoing confusion about the relative positions of GT-2 and EE-1, the shear-
shadowing experiments were designed to measure a joint 600 feet deeper 
than the true principal joint. However, with the deeper joint now barely 

The positions of the two boreholes relative to that joint and the locations of 

the four experiments are shown in Fig. 3-32.
 For Experiment 159A, the geophone package was positioned in GT-2 at 

-

of the shear waves was only moderate, as could be expected because the 
exact depth of the detonators relative to the joint intersection with EE-1 
was uncertain within several tens of feet (at this depth, cable measurements 
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typically have an uncertainty of ± 30 ft). At the time, those conducting 

9650 ft—viewed this result as anomalous.
 For Expt. 159B, the geophone package was positioned at 8544 ft in GT-2 

result by those who still thought the principal joint was the one at 9650 ft. 
But as is obvious from Fig. 3-32, the acoustic-signal path B–B would have 

about 550 ft above its intersection with the EE-1 borehole.
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Fig. 3-32. Positions of the EE-1 and GT-2 boreholes and locations of 
detonators and geophones during the four shear-shadowing experiments. 
The acoustic-signal paths are A–A, B–B, C–C, and D–D.
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 For Expt. 159C, the geophone package was positioned at 8794 ft in 

path of the acoustic signals (C–C) in Fig. 3-32, which again passed through 
the midpoint of the joint—but this time only about 280 ft above its intersec-
tion with the borehole.
 Finally, for Expt. 159D, the geophone package was positioned at 8123 ft 

depth of path D–D in Fig. 3-32, therefore, was about 8080 ft—some 1000 ft 
above the nominal center of the EE-1 joint at 9050 ft. A plot of the acoustic 
signal power vs time for Path D–D (Fig. 3-33) shows that its mean depth 

joint is not much smaller (75%) than that for the collapsed joint—i.e., the 
attenuation of the signals is relatively small, as would be expected if they 

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0
0 5 10 15

Time (ms)

A
co

us
tic

 s
ig

na
l p

ow
er

 (
ar

bi
tr

ar
y 

un
its

)

20 25

Hydrostatic

S-wave arrival

P-wave
arrival

Pressurized

Fig. 3-33. Signal power vs time for acoustic-signal path D–D (mean 
depth = 8080 ft). The arrival of the P-wave is shown at about 2.5 ms, and 
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Source: HDR, 1978
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 Experiment 159D provided a clear indication that the optimum target for 
a redrilled GT-2 lay a few hundred feet below the 8080-ft mean depth of the 
acoustic-signal path D–D.

9050 ft, as derived from the shear-shadowing experiments (and assuming 

continuity for a heterogeneous rock mass!

Induced-Potential Survey of the EE-1 Joint

at 9050 ft was surveyed electrically. With the current electrode placed at 
9700 ft in EE-1, a wireline voltage probe was used to survey the induced 

a depth of about 8300 ft, 750 ft above its point of intersection with the EE-1 
borehole (its assumed center). The most pronounced decrease in the voltage 
potential in GT-2 was between 8500 and 9000 ft, which would correspond 

below this depth could not be surveyed electrically.)

Summary: The Situation Leading up to 
Redrilling of GT-2

Figure 3-34 shows, in plan view, what was known by the end of March 
1977 about the geometry of the principal near-vertical joints opened up near 
the bottoms of GT-2 and EE-1.

The GT-2 Principal Joint
The principal joint developed near the bottom of GT-2 was initially opened 
in mid February 1975, at a depth of about 9600 ft, by pumping into the 
38-ft rat hole below the scab liner at an injection pressure of 1400 psi. Over 

April 21, with the injection of 3600 gal. at an injection pressure of 1600 psi 

diameter of about 400 ft. About four months later, during the deep drilling 
of EE-1, the Western pump was used to further extend this GT-2 "target 
fracture" to a calculated diameter of 800 ft, by the injection of 12 000 gal. 
of water at a pressure of 2250 psi and a rate of about 4 BPM (11 L/s).

dilating joint in deep, hot granitic rocks. With the geophone package posi-
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GT-2 joint and eventually extend it somewhat (injecting at a rate of 4 BPM 
and a pressure of 2150 psi). The measured orientation of this joint, during 

the major seismic activity in GT-2 now appeared to be at a depth of about 
9300 ft, suggesting an upward growth of the dilated region. During this 
testing, the measured width of the dilated portion of this joint was roughly 
500 ft.
 On July 21 of the following summer (1976), during injection into the 

exiting behind the scab liner at a depth as high as 9015 ft—which would 
indicate a vertical extent for this joint of at least 600 ft (not considering any 
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showing the seismically determined orientations of the three principal joints 
pressure-stimulated near the borehole bottoms.
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The EE-1 Principal Joints
Near the bottom of EE-1, two principal joints were sequentially pressure-

Western pump at a rate of 2.1 BPM (5.6 L/s) and pressures up to 2400 psi. 
Its measured strike was N54W.

joint had a strike of N55W and exhibited a somewhat lower opening pressure 
(1200 psi—vs 1600 psi for the deeper joint under similar injection conditions).

EE-1 to GT-2 Flow Impedance
-

ance dropped to more reasonable values than those initially observed—
albeit still too high for a productive circulation loop. The following values 

 26 psi/gpm (Expt. 120)
 24 psi/gpm (Expt. 122A)
 30 psi/gpm (reached after an initial value of 100 psi/gpm—Expt. 133)

to 75 psi/gpm, and then again following the quartz-leaching experiment 
(No. 138), to 90–100 psi/gpm. These data suggest that the interconnection 
between the two joints was tenuous and subject to being repeatedly plugged 

From an examination of Fig. 3-34, it is tempting to draw some inferences 

sharp corner into the GT-2 joint at the point of vertical intersection, and 

 Second, it is clear that by the end of 1976, the Laboratory had managed 
to develop a true HDR reservoir between the GT-2 and EE-1 boreholes. 

not to mention the considerable costs associated with twice redrilling GT-2, 
could have been saved if such an experiment had gone forward. Further, the 
development of the deeper, hotter Phase II reservoir—the primary Project 
objective—would have been achieved that much sooner.
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Chapter 4
Phase I Reservoir Development—Redrilling and 
Flow Testing
In early 1977, the condition of the two deep boreholes at Fenton Hill was as 
follows: The GT-2 borehole had been drilled to a depth of 9619 ft (2832 m) 
and a 7 5/8-in. scab liner had been placed and cemented from 8973 ft to 
9581 ft, leaving a 38-ft "rat hole" below the liner (see Fig. 3-12). The EE-1 
borehole had been drilled to a depth of 10 053 ft (3064 m) and cased from 
9599 ft to the surface with a composite casing string (999 ft of 7 5/8-in. 
casing from 9599 ft to 8600 ft, and 8 5/8-in. casing above 8600 ft—see 
Fig. 3-26). 

pressure casing string that had been used to pressure-stimulate the rat hole 
and to guide wireline tools into the scab liner. The next step was to mobilize 
a drill rig over GT-2, set a cement plug just below the desired sidetracking 
depth, and sidetrack the borehole at about 8200 ft (2500 m). Finally, the 
sidetracked hole would be drilled directionally into the large joint that 
had been pressure-stimulated from EE-1 at a depth of 9050 ft (behind 

redrilling GT-2 from a kickoff depth of about 8200 ft and on a trajectory of 
N30E (see Fig. 3-32) would take the new borehole toward the EE-1 joint at 
almost a right angle. 

Summary of Phase I Reservoir 
Development and Testing

 As detailed in Chapter 3, the HDR Project team had spent more 

between EE-1 and GT-2. An unintended consequence of these efforts 

casing string in EE-1 and, eventually (February–May 1976), the 

continued to increase. Ultimately, a connection to GT-2 was achieved 

this was judged to be too high. 
 Unfortunately, it was not recognized at the time that a multiply 
jointed HDR reservoir had in fact been created between the two 
boreholes, and that it could have been further developed with more 
"aggressive" pressurization (such as that carried out following the 

this nascent, multiply jointed reservoir was abandoned and instead the 
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lower portion of GT-2 was twice redrilled directionally (creating the 

satisfactory hydraulic connection with the joint opened from EE-1 at 
a depth of 9050 ft, giving rise to the "original Phase I reservoir."

(Run Segments 1, 2, and 3) were conducted between late 1977 and 
mid 1978, it became evident that the original Phase I reservoir was 
principally a single-joint connection between EE-1 and GT-2B, with 
a very limited surface area and not much opportunity for expansion. 
Therefore, following these tests, the bottom 600 ft of casing in EE-1 

the 9050-ft joint. Then, the higher-opening-pressure, deeper joint 
(at 9650 ft), originally opened in October of 1975, was pressure-
stimulated much more aggressively. The development and extension 
of this deeper joint essentially created an enlarged Phase I reservoir, 
but with the same multiple outlets into the GT-2B borehole as the 

followed the pressure stimulations of the deeper EE-1 joint; the 
second of these tests, which ended in late December 1980, lasted 
more than nine months. 

this joint and progressively worked its way up through the incom-
pletely re-cemented region just above the 9050-ft depth. Eventually 

unsuitable for further testing of the reservoir. 
 In the end, the Phase I HDR reservoir at Fenton Hill was devel-
oped in a way very different from that originally planned, and 
through a stepwise process that would bring a much clearer under-
standing of what "hydraulic fractures" in basement rocks really 

a few diehard members of the HDR staff) that the "penny-shaped 
fracture" theory—although valid for an isotropic and homogeneous 
medium—could not be applied to the Fenton Hill granitic base-
ment, which was neither isotropic nor homogeneous. In reality, the 
rock was not being fractured at all; instead, the hydraulic pressure 
was opening a number of pre-existing (but resealed) joints in the 

-

pressure-dilated joints—probably having different orientations, and 
therefore different opening (or jacking) pressures. 
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Redrilling of the GT-2 Borehole

The information in this section is extracted mainly from Pettitt (1978b).

Sidetracking and Directional Drilling of GT-2A
In mid December 1976, the temporary 4 1/2-in. casing string was removed 
by DA&S Oil Well Servicing Co. of Hobbs, NM. Arrangements were then 
made to procure a drilling rig from the Noble Drilling Corp. of Midland, 
TX, for the redrilling of GT-2. On March 29, 1977, mobilization of rig 
No. N115 got under way at Fenton Hill. Once the drilling structure had 

 On April 7 a cement plug was set in the hole by Halliburton Oil Well 
Cementing Company of Farmington, NM, and was faced off to 8263 ft. The 

assembly, which consisted of a tungsten-carbide-insert (TCI) hard rock bit, 
a Dyna-Drill motor, a 2° bent sub, and an Eastman Whipstock single-shot 
orientation tool, was oriented to drill out the side of the hole in a N30E 
direction, to intersect the 9050-ft joint in EE-1 at about a right angle. The 
motor, however, failed to turn and had to be withdrawn. When inspection 
revealed that it was plugged with cement cuttings, it was replaced with a 
new Dyna-Drill motor. On April 10, the assembly was run in again and 
drilling began in the N30E direction. But after seven hours of drilling, to a 
depth of 8342 ft, the drilling assembly was still in the original borehole and 
had not managed to sidetrack into the granitic sidewall.
 The next day a second cement plug, made up of a harder mix with less 
retarder and water, was set by Halliburton and faced off to 8163 ft (100 ft 

consisting of a 1 1/2° bent sub, yet another Dyna-Drill motor (this one 
having a 1 1/2° bent housing), and a 9 7/8-in. Security H7SGJ steel-toothed 
bit, was run in. But because the hole had not been adequately cleaned out, 

with cuttings and the motor stopped turning. The same steel-toothed bit was 
then run back in the hole on a straight rotary drilling assembly, and the 

referred to as a "mud sweep") to lift the cement cuttings out of the hole.1 
Next, the drilling assembly with the bent housing and motor was equipped 
with a new Security steel-toothed bit to enable timed drilling. But after 20 ft 
of drilling—all of it through cement, to a depth of 8183 ft—it was clear 
that the attempt was not succeeding: the bit showed extreme wear on the 
outer edges of the external row of teeth. (Note: steel-toothed bits do not 
drill granitic rock!) 
1Mud sweeps became standard practice for cleaning and circulating the hole at the 

end of each drilling run.
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 With experience in GT-1 having shown that diamond bits would drill 
granitic rock—albeit at only about 1 ft/h—a Christensen 9 7/8-in. side-
cutting diamond bit was now tried, with the same drilling assembly. This 
bit drilled 15 ft—from 8183 ft to 8198 ft (apparently "somewhat" into the 
granitic sidewall), but trouble with the Dyna-Drill on the morning of April 
15 prevented continuation of drilling. When a follow-up rotary drilling run 
with a TCI bit ended up drilling only cement, a specially designed 9 5/8-in. 
side-cutting Christensen bit was tried—with some success.

hole using a variety of diamond and TCI bits. Two of these, consecutive 
diamond-bit runs, actually sidetracked the hole a short distance; but the 
follow-up bit run (with a stiff rotary drilling assembly and a TCI bit) ended 
with the bit drifting back into the original hole and drilling ahead in cement 
to 8280 ft. At this point, plans were made to underream the hole to create a 
ledge for sidetracking.
 On April 23 a three-cone, TCI underreamer assembly was used to 
enlarge the diameter of the GT-2 borehole from 9 5/8 in. to 16 in. over 
the 8110- to 8120-ft depth interval. The following day, Halliburton placed 
a 150-sack cement plug through open-ended drill pipe, up to a depth of 
8040 ft. After the plug had been faced off to 8110 ft with a 9 5/8-in. bit, a 
Dyna-Drill assembly was made up with a 7 7/8-in. Christensen side-cutting 
diamond bit and a 2° bent sub above the motor. On April 25 and 26, the 
cement was drilled through asymmetrically: a hole about 8 in. in diameter 
was drilled along the low side of the 16-in.-diameter interval, to just above 
the ledge at 8120 ft. (The inclination of GT-2 at this depth was 3.4°.) 
 Next came a directional drilling run, with a 2° bent sub, a Dyna-Drill, and 
a new 7 7/8-in. diamond bit. Beginning on the low side of the borehole from 
the ledge formed at 8120 ft, this run proceeded in a northeasterly direction 
(out the right side of the hole) to 8128 ft. The load on the bit began to 
increase at this depth, and as drilling progressed to 8140 ft (at a controlled 
rate of 1–2 ft/h), the bit load needed to drill ahead at this rate increased from 
5000 to 8000 lb.
 This increasing load on the bit and the presence of some granitic chips 
in the cuttings indicated that the hole had been successfully sidetracked. 
The diamond drilling assembly was then pulled, and the hole was reamed—
full diameter—from 8110 ft to 8139 ft with a Dyna-Drill assembly having 
a 2° bent sub and a 9 5/8-in. Smith 9JA button bit. Two very short (1 ft 

diamond-bit run took place (with a 2° bent sub, Dyna-Drill motor, and 
9 5/8-in. bit), deepening the hole to 8144 ft before the bit stopped cutting. 
The cuttings were showing increasing amounts of granitic chips.
 After the diamond bit assembly had been pulled from the hole, a Dyna-
Drill assembly with a 2° bent sub and a Smith 9JA button bit was run in. 
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Five feet of drilling later, at 8149 ft, 60% of the cuttings were granitic 
chips. Continued drilling, with the load gradually increased to 12 000 lb 
and at a penetration rate of 10–12 ft/h, deepened the hole to 8154 ft—at 
which depth 95% of the cuttings were granitic chips. The records show 
that GT-2 was considered sidetracked at a depth of 8144 ft, with the direc-
tionally drilled new hole (called GT-2A) departing the old borehole out the 
right side in a NE direction, roughly perpendicular to the NW direction of 
the old borehole.

 Note:  

a borehole in granitic rock, but it was hoped that this learning experi-

elsewhere).

 With the drilling of the GT-2A borehole under way, pressurization of 

joint. Drilling of GT-2A continued with the same Dyna-Drill assembly, on 
the planned NE course and at a rate of 12 ft/h, to a depth of 8215 ft. The bit 
began to run rough at this depth, and when the drilling assembly was pulled, 
examination of the bit showed it had three cracked or chipped buttons and 
was 1/8-in. under gauge. For the next run, a rotary drilling assembly was 
made up with a Monel collar, a reamer, and a 9 5/8-in. Smith 9JA bit on 

8357 ft. A hole survey at this new depth showed a trajectory of N39E, 6°.
 On May 4, with a new Smith 9JA bit, drilling continued to 8496 ft, at 
which depth the direction of the hole was N25E and the inclination 9 1/4°. 
To limit any further increase in inclination, the drilling assembly was pulled 
from the hole and replaced with a stiffer one. The new assembly, consisting 
of a button bit, a 3-point reamer, a short drill collar, and a second 3-point 
reamer, did maintain the inclination at about 9°. The next drilling run took 
GT-2A to a depth of 8736 ft, through the upward extension of the EE-1 
joint. As GT-2A intersected this joint—at 8645 ft, on May 5—the pressure 
at EE-1 began to drop at about 0.5 psi/min even though the injection was 

inlet point in EE-1 (9050 ft), providing a heat-transfer surface believed to 
be adequate. 

 Note: Several of the joint-interrogation experiments performed during 

extent of the EE-1 joint (see Chapter 3). Experiments 159B and 159D 
(shear-shadowing) indicated that it was just below 8080 ft, and Expt. 160 
(induced-potential) showed it at 8300 ft. Thus, the actual intersection with 

have been anticipated.
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  Inexplicably, instead of stopping when the drilling run ended at 8736 ft 
and setting up to stimulate the joint intersection at 8645 ft, the drilling 
managers replaced the bit with a new Smith bit and drilled on for an addi-
tional two days—to a depth of 9184 ft (reached on May 8). During this 

9 gpm. Not unexpectedly, given the joint orientations shown in Fig. 3-34, 
no further indications of joint intersection were exhibited in GT-2A during 
this long drilling excursion to the northeast. 
 The geometry of the EE-1 joint is shown in relation to the drilling trajec-

 Using (1) the measured N55W strike and the 9050-ft intersection of this 
joint with the EE-1 borehole, (2) the depth of the joint's intersection with 
GT-2A (8645 ft), and (3) the distance from the 405-ft vertical projection 

can calculate an actual inclination for this joint of 1.9° to the SW—very 
close to vertical! 

Pressurization of the Joint Intersection 

2 would be used to pressure-
isolate the upper portion of the GT-2A borehole while the interval below the 

packer was set at 8275 ft—about 370 ft above the joint intersection. Pumping 
was initiated at a rate of 4 BPM (11 L/s) and a pressure of 1550 psi. Shortly 

least a portion of it was bypassing the packer—and pumping was terminated. 
When the packer was removed from the borehole, it was found that the exte-
rior rubber element had been completely stripped off. 
 The next day, in preparation for Expt. 162, another Lynes packer was 
set—this time at a depth of 8245 ft. After only 20 minutes of pressurization 
of the borehole below the packer, at 1600 psi and a pumping rate of 1 BPM, 

the load on the packer indicated that it was still holding (at least mechani-
cally), pumping was increased to 5.5 BPM (14.6 L/s) to pressure-stimulate 
the GT-2A joint intersection. Over the next three hours, the injection pressure 

pumping rate). After 1000 bbl (42 000 gal.) had been pumped, the experiment 
was terminated. When the packer was pulled, again the rubber element was 
missing. On May 12 the drilling rig was placed on standby to conserve funds.

2The previous August (1976), a sole-source purchase request had been issued to 
Lynes United Services for the fabrication of six 8 5/8-in., high-temperature 
open-hole packers and two mandrel assemblies. Following successful testing of 
the packers (15 hours at a temperature of 400°F and a pressure of 2300 psi) at 
the Lynes facility in Houston, TX, they had been sent to Hobbs, NM, for storage 
until scheduled for use at Fenton Hill.
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between EE-1 and GT-2A, EE-1 was pressurized at 34 gpm with the big 
-

ance varied from 10 to 35 psi/gpm (1.1 to 3.8 MPa per L/s). Unfortunately, 
the reports of the time pertaining to this experiment are very vague—no 
actual measurements are given for parameters such as the temporal varia-
tion of the EE-1 injection pressure, the GT-2A production pressure, and 

9050-ft EE-1 joint was already considerably lower—by about one-third—
than that measured at the end of the quartz-leaching experiment (Expt. 138) 
should have given the Project managers some pause. After an entire year 
(November 1975–November 1976) had been devoted to trying to improve 

EE-1 and GT-2 had been in the 24-to 30-psi/gpm range until the quartz-

an opening pressure of 1100–1200 psi. Had this joint been hyper-dilated, 
by injection into EE-1 at the high pressures possible with a commercial 

to an acceptable level (about 10 psi/gpm). Indeed, as discussed later in this 
chapter (see : , below), an even 
greater drop in impedance could have been achieved by the simultaneous 
imposition of a modest backpressure at GT-2A. Unfortunately, there was 
no attempt to try such strategies. Instead, the decision was made to cement 
off the GT-2A leg and to sidetrack anew, along a lower trajectory.

Sidetracking, Directional Drilling, and Flow Testing of GT-2B
The plan for the second redrilling was to sidetrack from GT-2A, at a depth of 
8300 ft—out the left side in a northerly direction—to intersect the EE-1 joint 
at a depth of 8800 ft (just 250 ft above its intersection with EE-1). 
 On May 18 the drilling rig was reactivated, open-ended drill pipe 
was run in to 8437 ft, and cement was pumped in to plug about 300 ft of 
the GT-2A leg above that depth. Drilling was begun with a very simple 
assembly, incorporating a stabilizer, a drill collar, and a 9 5/8-in. Smith 
9JA TCI bit, in the hope of achieving a kickoff. The top of the cement was 
encountered at 8135 ft. As drilling proceeded, it appeared that the bit was not 
"digging in," but just scraping along the low side of the hole. This assembly 
was pulled and replaced with one consisting of a 2° bent sub, a Dyna-Drill 
motor, and a smaller (7 7/8-in.) Smith 9JA button bit. With the bit oriented in 
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a northerly direction, the drilling assembly was worked up and down the hole 

for sidetracking. When no satisfactory "ledge" was found, drilling ahead on 
the cement plug proceeded at a slow rate of 1 ft/h. The only indication that 
"some" granitic rock had been drilled was that, by the end of the drilling run, 
the load on the bit had increased to 5000 lb. 
 The drilling assembly was then pulled from the hole. Inspection of the bit 
revealed that it was 1/4 in. under gauge, and the outer row of buttons showed 
severe wear. The same Dyna-Drill assembly was employed for two more 

out once the drilling assembly was on bottom), the second run advanced 
several feet at a slow rate of 1 ft/h and with a load of only 2000 lb. With 
continued drilling, the penetration rate was gradually increased to 3 ft/h as the 
load increased to 3000 lb. By the morning of May 22, at a depth of 8300 ft, the 
load had increased dramatically—to 9000 lb. Drilling was continued another 
14 ft, then the drilling assembly was pulled. This time the bit was well worn 

the sidetracking had succeeded. (The 8270-ft depth would later be considered 
the depth at which the hole had been sidetracked, on the basis of borehole 
survey data.) The new leg was referred to as GT-2B.

InfoNote
 Although neither the sidetracking of GT-2A nor that of GT-2B required 

directional driller. GT-2A was sidetracked off a ledge formed by underreaming 
a section of the borehole from 9 5/8 in. to 16 in. and starting the drilling with a 
7 7/8-in. special side-cutting diamond bit. GT-2B was sidetracked off a naturally 
occurring ledge in the borehole wall, with a 7 7/8-in. button bit. In both cases, 
the portion of the borehole below the ledge was plugged back with cement to 
aid in sidetracking. Given the success of these operations, the following steps 
should guide future development of HDR systems having production wells 
with multiple (forked) completions for enhanced productivity: 
1. Obtain the services of a directional driller who has sidetracked boreholes in 

hard crystalline rock without using a whipstock.
2. Let the directional driller order the necessary downhole motors, bent subs, 

and surveying equipment for the job.
3. To enable the borehole to be used as part of a multiple-well completion, do 

not place a cement plug in the initial borehole. 
4. At the desired depth off the bottom of the initial borehole, underream a 

considerable length of the hole with a limber assembly to form a good 
ledge, particularly on the low side of the hole.

5. Slowly drill off the ledge to the side with a mud motor and bent sub, 
initially using a special side-cutting diamond bit having a somewhat 
smaller diameter (e.g., a 7 7/8-in. bit in a 9 5/8-in. hole).
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 Next, a reamer assembly (no Dyna-Drill) was run in with a new 9 5/8-in. 
Smith 9JA bit, and the hole was drilled ahead, at an increasing load, to 
8380 ft. At this depth a magnetic survey showed a trajectory of N6E, 3°. 
Drilling continued at 9 ft/h and a load of 40 000 lbs; by the 8415-ft depth, 
the cuttings were almost all granitic chips. After another 150 ft of drilling 
(to a depth of 8565 ft), the bottom-hole assembly was pulled. 
 Concurrent with the running of the next assembly—a Dyna-Drill with a 
new Smith 9JA bit—the EE-1 joint was pressurized with the big (34-gpm) 

Smith bit was then re-run with a 6-point reamer to ream the hole full-depth. 
A bottom-hole survey showed a trajectory of N77E, 5 1/4°, which was more 
easterly than desired.
 On May 26, the EYE steering tool was used to more closely control the 
drilling direction. After a full day of efforts to get the EYE tool to perform 

extreme curvature of the borehole was preventing correct orientation of 
the Dyna-Drill assembly. The assembly was replaced with a conventional 
rotary assembly, and 30 ft of straight drilling with a Smith 9JA bit took the 
hole to 8716 ft. At this depth, directional drilling began anew, with the EYE 
steering tool guiding a Dyna-Drill and a Smith 9JA bit below a 2° bent sub. 
At midnight on May 28, a sharp decrease in the injection pressure at EE-1 
indicated that the target joint had been intersected, at a depth of 8769 ft 
(somewhat higher than the anticipated 8800 ft). This time, a plan was in 
place to immediately halt drilling and core through the joint to obtain a 
sample of it. 
 The borehole was surveyed, the drilling assembly was pulled from the 
hole, and on May 29 an 8 1/2-in. Christensen core bit was run in. The 4-ft 
core that was cut (to 8773 ft, with a 50% recovery) consisted of a biotite 
granodiorite and exhibited three joint planes—two still sealed with calcite, 
and one apparently reopened. This core turned out to be an incredible stroke 

forming the Phase I reservoir: the reopened joint in the core was an 
 of one of the ancillary joints connecting the principal (9050-ft) EE-1 

joint to GT-2B. 
 The following day, a Dyna-Drill assembly with the EYE steering tool was 
run in, but troubles with both prevented any drilling. This was the last attempt 
at directional drilling in GT-2B. Over the next couple of weeks, several 

connection from EE-1 (Table 4-1). 
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Table 4-1. Initial experiments and tests to investigate the EE-1 to GT-2B 

Expt. 
No. Date Description Remarks
165 31 May  

1977 measurement.
Measured impedance = 
15 to 18 psi/gpm  
(1.6–2.0 MPa per L/s). 

166 1–3 June  
1977

Pressurization of the 8769-ft 
joint connection in GT-2B to 

a Lynes packer set at 8706 ft. 
Western pump used to inject 
into GT-2B at rates varying 
from 1 to 5 BPM; then to inject 
into EE-1 at 2.5 BPM.

During injection into 
EE-1, water discharge 
temperature at GT-2B 
reached 130°C. Final 

impedance (with very low 
backpressure of 70 psi 
at GT-2B) = 9.5 psi/gpm 
(1.0 MPa per L/s). 

167 8–9 June  
1977

Monitoring of pressure during 

pump) while drilling ahead in 
GT-2B. 

Second, larger pressure 
response at EE-1, leading 
to another coring operation 
in GT-2B, at a depth of 
8894 ft.

168 9 June  
1977

Temperature logging in GT-2B 
during injection into EE-1, to 

GT-2B. Temperature logging 
in EE-1 during injection with 

shut in).

None of four separate 

entrance near bottom of 
GT-2B.

169 16 June  
1977 during injection into EE-1 

at 5 
casing of GT-2B.)

impedance about  
10 psi/gpm.

170 17 June  
1977

Repeat of GT-2B temperature 
log during injection into EE-1 
at 1 BPM for 9 h—to again test 

Again, temperature logging 

of GT-2B. 
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EE-1

GT-2

A CLEAN MISS.

A DIRECT HIT.

A  K ?√

FRACTURE

DIRECTIONAL 
DRILLING

impedance measured was 15 to 18 psi/gpm. A conventional drilling assembly 
was then used to ream GT-2B to bottom and to drill an additional 5 ft of 
hole, to a depth of 8778 ft. Subsequent temperature logs in GT-2B showed the 

was almost directly above that of the deeper EE-1 joint [at 9650 ft]. If both 

joint set, its connection to GT-2B would be a lengthy [±1000 ft] and probably 
a tortuous one, which may explain the anomalous geochemical results that 

—Roland Pettitt
 1977
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 On June 1, Expt. 166 began with the running of a high-temperature Lynes 
packer into GT-2B; it was set at a depth of 8706 ft to permit the pressur-
ization and stimulation of the 8769-ft joint intersection. Pumping with the 
rental Western pump began at 1 BPM and was slowly increased to 5 BPM 

in GT-2B was followed by a similar operation in EE-1. With the drill rig 
placed on standby, the Western pump truck was moved to EE-1 and the joint 
connection to GT-2B was pressure-stimulated for 20 hours at an injection 
rate of 2.5 BPM (6.6 L/s). The injection pressure at EE-1 was only 1000 psi, 
and the backpressure at GT-2B was maintained at 70 psi to prevent boiling 
in the surface piping. By the end of Expt. 166, the outlet temperature at 
GT-2B had increased to 130°C. This series of pressure stimulations 

not used again during Phase I testing. They would be used repeatedly during 
the establishment of the Phase II reservoir, but only after much further 
development between the Laboratory and Lynes United Services.) 
 Drilling recommenced on June 8, at 8778 ft, and continued to 8879 ft, at 
which depth the drilling assembly was pulled and the borehole was surveyed 
with a magnetic multishot tool. The bottom 60-ft section was then reamed 
with a 9 5/8-in. Smith 9JA bit, and the following day drilling proceeded 
another 14 ft (to 8893 ft). At this depth, there was a second, larger pres-
sure signal at EE-1—suggesting another joint intersection. Drilling was 
shut down, and the 8893- to 8898-ft interval was cored with a Christensen 
diamond core bit; but no core was recovered. Subsequent temperature 

-

deepest point, 8898 ft. (Note: later, during Run Segment 2, temperature 

just below 8900 ft.) 
 On June 12, Dresser-Atlas surveyed GT-2B from 2540 ft to 8900 ft with 
their 4-arm caliper logging tool ("Laterolog") and a spectral gamma logging 
tool ("Spectralog"). Two days later, Dresser-Atlas also ran two acoustic 
logs in GT-2B. The Spectralog showed a uranium spike at about 8769 ft 

-
cated a joint intersection at roughly the same depth.
 In retrospect, these logs were mainly a waste of time and money. The 

closed (unpressurized) joint at 8769 ft and was thus completely useless 
(moreover, the spikes seen in the counterpart Laterolog previously run in 
EE-1 were later found to be fallacious). The acoustic logs were uniform and 

found earlier—via active acoustic ranging—for the sonic velocity of the 
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rock (5.85 km/s). The only possibly meaningful information yielded by 
-

-
ance, was conducted on June 16. The Western pump injected into EE-1 at 
5 BPM (13 L/s), again pressure-stimulating the principal joint at 9050 ft. 
When the impedance was found to be about 10 psi/gpm—judged adequate 
for a meaningful heat extraction experiment—plans were made to complete 

 Experiment 169 also included a period (several hours) of pressurization 
of the region behind the casing. The injection pressure reached as high as 
1400 psi, higher than that required to initially open the joint at 9050 ft. The 
result was the opening of several other joints intersecting the EE-1 bore-
hole in this region—most of them above the 9050-ft depth. Figure 4-2, a 
temperature survey done in EE-1 following Expt. 169, reveals these addi-
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Fig. 4-2. Temperature survey of the lower part of EE-1 following Expt. 169. 
The depths shown are "true vertical depths"—about 50 ft less than the 
depths measured along the borehole.
Adapted from HDR, 1978

 There was no evidence that any of these other joints were connected to 

testing of the Phase I reservoir. It is probable that these joint intersections 
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received some pressurized water via a micro-annulus that formed between the 
cement and the rock (even though the casing in this interval was adequately 

water through such a micro-annulus could permeate into these joints, facili-
tated by the lower earth stresses farther up the borehole.

(Expt. 170): temperature logging during injection into EE-1, at 1 BPM for 
9 hours, again showed only one production zone—the one at 8769 ft.
 

core; but the second, with a newly developed Stratapax four-cone, TCI core 
bit (Smith Tool Co.), cut 5 ft of hole with an 89% recovery. The Stratapax 
bit was designed with four outer roller cones (to cut out the entire portion of 
hole surrounding the 3-in. central core area) and four inner Stratapax cutters. 
These cutters—polycrystalline diamond compacts mounted on pedestals—
maintained core diameter by compensating for the wearing of the innermost 
carbide buttons on the roller cones (any increase in diameter could cause the 
core to jam in the core barrel). The rock, a biotite granodiorite, exhibited 
several distinct joint surfaces that apparently had been mechanically opened 
during the coring process. As shown in Fig. 4-3, by the end of the coring run, 
the Smith bit—which drills in a much rougher fashion than a diamond core 
bit—had lost three of the four studs holding the synthetic diamond cutters.

(a) (b)

Fig. 4-3. The Smith Tool Co. Stratapax core bit (a) before drilling and 
(b) after a 5-ft coring run in granitic rock. 
Source: Pettitt, 1978b
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Completion of GT-2B

inclination of the hole at this depth was near-vertical, no bridge plug was 

the cement (50 sacks) was placed through open-ended drill pipe at a depth 
of 8650 ft. However, when a drill bit was run into the hole to face off the 
plug, no solid cement was encountered. It appeared that the cement had 

still somewhat pressurized from previous pumping operations). The next 
day EE-1 was vented, after which the cementing operation was repeated—
this time successfully. The top of the hard cement was tagged at 8515 ft and 
faced off to 8572 ft.
 To case the hole, a string of 7 5/8-in. (194-mm) production casing was 
run from 2 ft above the cement plug to the surface, made up as follows:

2620 ft of 33.7 lb/ft, grade S-95 casing at the bottom
2800 ft of 33.7 lb/ft, grade N-80 casing in the middle
3158 ft of 33.7 lb/ft, grade S-95 casing at the top

 The grade S-95 casing was used for both the bottom and top sections 
because once the casing job was complete, compressive stresses would 
be greatest at the bottom and tensile stresses would be greatest at the top. 

 As the casing string was run in, 22 centralizers were spaced along the 
bottom 20 joints (about 800 ft). After the pipe had tagged the cement plug, 
it was lifted up 2 ft (putting the bottom of the casing at 8570 ft). The casing 
was then hung from the surface, and the bottom 1500 ft was tag-cemented 
by Halliburton Oil Well Cementing Company. 
 Before cementing, the weight of the casing string—as recorded on the 
rig weight indicator—was 252 000 lb (corresponding to a weight in air of 

while the cement hardened. Next, the cement shoe and the cement plug 
were drilled out, the borehole was washed to bottom, and the casing was 
tensioned by hydraulic casing jacks placed over the hole. Finally, the casing 
was landed in the wellhead with a load of 410 000 lb (as measured by load 
cells). According to calculations, it would remain in tension at the surface 
during reservoir production at temperatures up to 180°C. 
 Figure 4-4 shows the trajectories of the original GT-2 borehole and the 
GT-2A and GT-2B sidetracked legs, in relation to EE-1. 
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A Conceptual Model of the Phase I Reservoir

In mid 1977, after the GT-2B borehole had been completed, a conceptual 
model of the Phase I reservoir was developed on the basis of data from the 

shown in Fig. 4-5, included
1. an essentially vertical pressure-stimulated joint—at that time called 
a "fracture"—originating from EE-1 at a depth of 9050 ft and striking 
N55W, as determined by seismic monitoring (see Fig. 3-30);
2. the location of this joint and of all three very steeply inclined bore-
holes within the very narrow—ca. 50 ft—width of the reservoir region, 
shown in cross section in Fig. 4-5 (shaded area); 
3. an intersection of the GT-2A borehole with the upper extension of this 
joint, at a depth of 8645 ft (evidenced by a marked pressure perturbation 
at EE-1, which was pressurized at a constant rate of 34 gpm during the 
drilling of GT-2A); 

that leg of the borehole) ; 

(see Expts. 165–170, above);
6. a zone between the EE-1 joint and the GT-2B borehole that appeared, on 
the basis of 

 Although a number of HDR staff contributed to this concept, in no sense 
 

zone, and (6), which implies the opposite, an additional feature had to be 
postulated: 

Several joints, dipping about 30° to the northwest across the region 
between EE-1 and GT-2B, could be inferred on the basis of clusters 
of borehole anomalies—temperature, geophysical (spectral gamma 

Such joints are represented by the dotted lines in Fig. 4-5. 
However, several facts argue against this part of the conceptual model. First, 
the notion of the 30°-inclined joints was arrived at by an almost arbitrary 
joining of data points: drawing of straight lines between clusters of anomalies 

these anomalies otherwise, e.g., in a way that would result in SW-dipping 45° 
joints. Second, there was no seismic evidence for a set of 30°-dipping joints. 
And third, the injection pressure required to open such a set of sealed joints 
would have been on the order of 2800 psi. There had been no pressurization 
of either borehole that high; the highest injection pressure used up to this time 
was 1830 psi (during Expts. 162 and 166 in May and June of 1976).
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joint and the GT-2B borehole? As discussed below (see sections on Run 
Segments 2 and 3), it is more likely that these connections were formed by 
a set of near-vertical joints having strikes somewhat oblique to the EE-1 
joint, i.e., approximating the N27W strike of the GT-2 joint (see Fig. 3-34). 
For instance, a vertical joint striking N35W—a 20° rotation from the N55W 
strike of the 9050-ft EE-1 joint—would have had a closure stress of about 
1500 psi, well within the range of the stimulation pressures used. 

The Phase I Surface Facility

Many pieces of equipment and special installations had to be put in place 

the major components of the surface facility in the fall of 1977.

Water Storage 
A large (500-bbl [80 000-L]) rectangular storage tank was situated just  
outside the wooden fence surrounding the GT-2 location, and a smaller 
(6000-gal.) circular storage tank was situated just outside the fence 
surrounding the EE-1 location. The earthen reserve pit used for the drilling 
of EE-1 had been enlarged into a 400 000-gal. water storage pond for the 
venting of EE-1, venting of the surface loop, or auxiliary water storage. In 
addition, the larger of the two reserve pits used during the redrilling of GT-2 
was used as necessary for the venting of that borehole. 

Injection Pumps
Two multistage, centrifugal pumps were procured and installed vertically 
(in concrete-walled cellars). Each was rated at 250 gpm with a differential 
pressure of 1350 psi. During loop operations at a backpressure of 175 psi, 
the suction pressure of these pumps would be about 150 psi—which equates 
to a maximum EE-1 injection pressure of 1500 psi at 500 gpm. 

Surface Flow Loop

an air-cooled heat exchanger that was purchased and installed in 1977 (see 
Fig. 4-6).3

-
-

tion pumps was injected into EE-1, completing the surface loop. 

3This heat exchanger was one of the few "constants" at the Fenton Hill Test Site 
(another being the positions of the boreholes). Even the roads were moved as 

testing, including the Long-Term Flow Test, which ended in 1995.
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On-site Water Well
In the summer of 1976, a well had been drilled on site as a source of potable 
water for all domestic uses as well as for drilling, fracturing, and circulation 
operations (before that, water had been trucked in from the nearby commu-
nity of La Cueva). The well was 450 ft (137 m) deep and 6.25 in. (15.9 cm) in 
diameter; the bottom 60 ft was lined with a 5 5/8-in. (14.3-cm) slotted screen. 
This well brought a reliable supply of naturally potable water from a perched 
aquifer on top of the Permian formation, at a rate of about 40 gpm (2.5 L/s). 

Controls and Data Acquisition Trailer
The Controls and Data Acquisition (CDA) Trailer was the "hub" for all the 

to this trailer; alarms signaling critical conditions in any of several major 
parameters were displayed here; and the operation of the injection pumps and 
of the four-component heat exchanger was controlled from here. This trailer 

Chemistry Trailer
The "Chem" Trailer was positioned next to the CDA Trailer and adjacent to 

It contained a host of sophisticated chemical analysis equipment, which 
would be used almost continuously for over 15 years—through the end of 
the Long-Term Flow Test (LTFT). 

Seismic Instrumentation and Recording
This complex of trailers was the heart of seismic monitoring during Phase I 
testing. Signals from all the surface seismic stations were recorded here, as 
were those from the downhole geophones when deployed. The surface array 
consisted of nine stations located on a radius of about 2 miles (3.2 km) from 
the EE-1 wellhead; in addition, during pumping into either GT-2B or EE-1, 
a geophone would usually be installed in the other borehole.

Flow Testing of the Phase I Reservoir, 1977–1978
The information in this section is abstracted mainly from Tester and Albright 
(1979) and HDR Geothermal Energy Development Program (1979). 

interrogation having been done, the surface equipment for the closed 
energy-extraction loop was installed and checked. Everything was ready 

year (September 30, 1977), decided to activate the loop and run an initial 
segment of the HDR demonstration (planned to last 10 000 hours in all) 
with rented pumping equipment and a "jury-rigged" CDA Trailer. 
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Run Segment 1: September 1977 

test designed as a preliminary checkout of the closed-loop heat-extraction 
system (numerous "bugs" were anticipated) and as an initial assessment of 

out at injection pressures varying between 1000 and 1350 psi—the water 
loss decreased from 86 to 30 gpm, total dissolved solids in the produced 

 Analysis of the surface pressure behavior during several Run Segment 1 

system had two major components and one minor component. The major 
components are (1) the impedance across the principal joint—the simplest 
form of an HDR reservoir—called the ; and (2) the imped-

connected the principal EE-1 joint to the production wellbore, referred to 
as the . The body impedance during Run 
Segment 1 was 3.7 psi/gpm (0.4 MPa per L/s), and the near-wellbore outlet 
impedance ranged from 7.3 to 11 psi/gpm (0.8 to 1.2 MPa per L/s). (Note: A 
near-wellbore outlet impedance higher than the body impedance would also 
be found during testing of the multiply jointed Phase II reservoir more than 
a decade later, and would prove to be characteristic of HDR reservoirs.) 

connecting joints. This impedance was initially small (about 1 psi/gpm or 
less), but diminished even more, to an almost unmeasurable value, as the 

pressure-dilated inlet joints. 
 By the end of this test, the produced thermal power had risen to 3.2 MW 

from a man-made HDR reservoir at a usefully high rate. Further, it raised 

sustained closed-loop operation of the system.
 On October 11 and 12, following Run Segment 1, Dresser-Atlas 
surveyed the condition of the casing cement at the bottom of EE-1, using 
both acoustic cement-bond logs and radioactive iodine tracers. They found 
that the bonding signal was almost totally absent below about 9000 ft, and 

example, Expts. 122A, 129, and 156 in Chapter 3). 



Chapter 4   Phase I Reservoir Development174

Run Segment 2: January–April 1978
Run Segment 2, a 75-day period of closed-loop, low-backpressure opera-

of a pressure-dilated joint network dominated by a single near-vertical 

was pumped into the reservoir through EE-1, at injection pressures varying 
from about 1200 psi (day 5) to 870 psi (day 72), and recovered via GT-2, 
the production well. The recovered hot water was then passed through the 
water-to-air heat exchanger to be cooled to 25°C. To it was added a quantity 
of makeup water to replace water lost from the reservoir by permeation into 
the surrounding rock mass. Finally, the water was reinjected into EE-1. 
 The variation in the reservoir production temperature, as measured at a 
depth of 8530 ft in GT-2B, is depicted in Fig. 4-7. The drawdown (rate of 
decline) in this temperature over the 75 days of Run Segment 2 was consid-
erable: from an initial value of 175°C to 85°C. 
 At this time, several numerical models were being developed to estimate 
the heat-transfer surface of the reservoir. One of these suggested that the 

of about 86 000 ft2 (8000 m2

making an almost direct connection between EE-1 and GT-2B and (2) a 
roughly rectangular joint with an inlet at 9050 ft in EE-1 and an outlet at 
8769 ft in GT-2B (i.e., a height of 281 ft), a heat-transfer surface of this 
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Fig. 4-7. Variation in the reservoir production temperature during Run 
Segment 2, as measured at 8530 ft in GT-2B. Also shown is the modeled 
thermal drawdown of the reservoir, based on a constant joint area of 86 000 ft2.
Source: Tester and Albright, 1979

size (one side) would imply an accessible joint width of about 300 ft.
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heat-transfer surface remained unchanged during this test and was not signif-
icantly added to by thermal stress cracking along the cooled joint surfaces. 
 The net thermal power produced during Run Segment 2 is shown in 
Fig. 4-8. It represents the amount of heat transferred from the reservoir 

of the test, net thermal power averaged about 4.3 MW.
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Fig. 4-8. Thermal power production during Run Segment 2. 
Source: Tester and Albright, 1979

 One of the confounding aspects of the Phase I reservoir was the apparent 

Segment 2, 58 temperature surveys were done between 8530 and 8900 ft 
in the GT-2B production interval. (When the temperature tool was not 
being used for surveys, it was "parked" at 8530 ft, just above the shal-
lowest production zone, continuously recording the mixed-mean reservoir 
production temperature.) Three of these surveys, taken 7 days, 12 days, and 
16 days after the beginning of power production, are depicted in Fig. 4-9. 

increase with time, becoming even more pronounced on the February 13 
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4 is essentially unchanged over the 9 days covered 

5 (in addi-
-

oped at about 8820 ft). In other words, after only 16 days of production one 
-

tion interval, with at least four joint connections. Most of these changes 
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Fig. 4-9. Three temperature surveys taken in the open-hole interval of 
GT-2B during the early part of Run Segment 2. 
Adapted from Tester and Albright, 1979 

4The fact that its presence made almost no change in the mixed-mean temperature 

5Evidently none of the three temperature surveys reached the GT-2B TD of 8907 ft, 
probably to avoid risking damage to the tool with a hard landing on bottom. 

-

February 13 survey). 
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 Given the proximity of the boreholes to the 9050-ft joint (see Fig. 4-5), 
-

resulting in thermal contraction and, possibly, some additional cooling-
induced joint openings. 
 As noted by Hugh Murphy in the report on this run segment (Tester and 
Albright, 1979), even a cursory look at these temperature surveys leads one 
to conclude that the connectivity between the reservoir and the production 
well was highly complex. As alluded to earlier, this complexity would 
suggest an array of near-vertical, low-opening-pressure joints connecting 
the 9050-ft EE-1 joint to the GT-2B production interval, rather than the set 
of high-opening-pressure, 30°-dipping joints that had been postulated by 
some HDR staff (Fig. 4-5). 

surface loop6 during Run Segment 2, and its geochemistry was carefully 
monitored for the entire 75 days. The results were anomalous. As shown in 

 over 
the course of the test, while the reservoir production temperature (Fig. 4-7) 

from the principal joint—an inference supported by the concentration curves 
of the other dissolved species (calcium, magnesium, lithium, sodium, potas-

remained at or close to the initial reservoir temperature and had a large 
contact area. It was postulated that the EE-1 joint at 9650 ft was contrib-

tortuous—i.e., multiple-joint—path that entered GT-2B at about 8670 ft, 
as shown in Fig. 4-9. (Note: Nearly a year later, with the re-cementing of 
the EE-1 casing and the closing off of the annular space that was the main 

GT-2B.) 
 A model was developed for predicting the silica concentration as a func-
tion of time under the postulated scenario that 5% of the GT-2B production 

(the 5% value is supported by analysis of an EE-1 temperature log taken 
19 days after Run Segment 2—see below). The result is the "predicted" 
curve for silica shown in Fig. 4-10.
 A recent re-analysis of the relevant experimental data shows that the 

6Sampling locations were the GT-2 wellhead, the input to the heat exchanger, the 
makeup-water line just upstream of the injection pumps, and the input to EE-1.
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-

successive GT-2B temperature logs (Fig. 4-9) as a small but recurring step 
temperature rise, and subsequent fall, of about 3°C. This temperature pulse 
probably denoted the intersection with the borehole of the joint to which 

nearly constant rate and temperature. The three temperature logs of Fig. 4-9 
also showed decreasing mixed-mean reservoir production temperatures 
with time (154°C, 142°C, and 133°C, respectively) as measured at a depth 
of 8530 ft, just above the production interval. 
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Fig. 4-10. Measured and model-predicted silica concentrations in produced 

Source: Tester and Albright, 1979

 Nineteen days after the end of Run Segment 2, a temperature log in 

often been observed, a temperature depression does not always mean a 
-

secondary mineralization that is somewhat more permeable than the 
surrounding rock matrix. 
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 The temperatures plotted in Fig. 4-11 illustrate this phenomenon. Anoma-
lies A and B are in the open annulus behind the casing and above the top of the 

was open to the atmosphere at the surface), it is hard to explain these anoma-
lies except as artifacts of the previous testing of the borehole, accentuated by 

temperature recovery may not always be uniform. Anomalies C and D occur 

 In contrast, the anomalies at 9050 ft and 9650 ft (E and F, respectively) 
-

temperature depression F is 5%. (Note the sharpness of this depression, 
which indicates a single joint intersection with the borehole, whereas each of 
the two upper temperature anomalies [A and B] occurs over about 400 ft of 
the hole—much too wide for single joint intersections.) 

gradually, from 13 psi/gpm (1.4 MPa per L/s) at the beginning of Run 
Segment 2 to a maximum of 15.5 psi/gpm (1.69 MPa per L/s) on day 8; for 

 
(0.3 MPa  per L/s). These impedance values were obtained from the differ-
ence between the EE-1 injection pressure and the GT-2B production pres-

The results were then corrected for buoyancy—the difference between the 

well times the average reservoir height—and converted to psi. (This correc-
tion, which amounted to +260 psi early in Run Segment 2, dropped rapidly 
to about +120 psi by day 35 and then remained constant to the end of the test 
on day 75.) 

-

reservoir impedance and temperature. The most likely explanation for this 

where the joints connecting it to GT-2B intersected that wellbore (the near-
wellbore outlet impedance)

-
 

a shut-down of the entire surface system for over 3 hours. Following this 
impedance drop (which was attributed to a slight shear displacement of the 
joint faces, probably due to a lowering of the effective joint-closure stress 

again. Flow rates, makeup-water pressures, louver settings on the heat 
exchanger, and throttle-valve settings all had to be readjusted. 
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Source: Tester and Albright, 1979

 The plan was to maintain the EE-1 injection pressure at 1200 psi (some-
what below the joint-closure stress) throughout Run Segment 2. However, 

that the pumps could no longer maintain this level of injection pressure. 
From then on, the test was run at a constant rate of injection—230 gpm—
with a constant backpressure of 250 psi at GT-2B. The resulting pressure 

was computed by assuming a constant aperture for the pressure-dilated joint 
of 0.2 mm—an assumption that depends on the decline in pressure across 
the body of the joint being only modest (that is, from the inlet to near the 

joints rapidly converge into the pinched-off intersections of these joints with 
the wellbore). The result was about 3 psi/gpm (0.3 MPa per L/s), which 
compares quite favorably with the 3.7-psi/gpm (0.4-MPa per L/s) value 
deduced for this component during Run Segment 1. It is likely, therefore, 
that early in Run Segment 2, before the effects of cooling had reached the 

of about 15 psi/gpm (1.6 MPa per L/s)—observed on day 9—consisted 
of a 3.0-psi/gpm body impedance and a 12-psi/gpm near-wellbore outlet 
impedance.
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 Figure 4-14 shows that the water loss from this early version of the Phase I 
reservoir (essentially one joint) decreased continually during Run Segment 2, 
as diffusion from the periphery of the pressure-stimulated portion of the joint 
slowly declined.7 Reservoir water loss is inherently a very "noisy" measure-

system components. At the beginning of Run Segment 2, as the principal 

rate of 230 gpm (100% loss). But by the end of the test, the loss rate had 
dropped to 2 gpm, less than 1% of the injection rate. 

7Note, however, that had the injection pressure at EE-1 been maintained at a level 
somewhat  the joint-closure stress, the principal joint would have continued 
to slowly pressure-dilate (extend) in the regions farthest from its 9050-ft intersec-
tion with EE-1, resulting in somewhat higher water losses—some of the "lost" 
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Fig. 4-14. Rate of water loss during Run Segment 2. 
Source: Tester and Albright, 1979

was benign. At the end of the test, the level of total dissolved solids was 
-

ment. No measurable seismicity was induced at the site at any time during 
this run segment. However, as pointed out earlier (see Fig. 4-7), the rela-
tively rapid thermal drawdown of the produced water, from 175°C to 85°C, 
indicated that the effective heat-transfer surface within the reservoir was 
small—about 86 000 ft2 (8000 m2

joint connecting EE-1 and GT-2B. 

outside the casing at EE-1. Although estimated to be less than 1 gpm—not 
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casing cement was beginning to deteriorate and portended a major change 
in plans.

 Note: In their report on Run Segment 2, the authors, realizing that the 
relationships between the geometric, thermal, and chemical properties of 
the fracture system were very complex, commented that "a unique model 
consistent with all the data does not exist, at least with the information we 
now have on the properties of the reservoir." (Tester and Albright, 1979)

Run Segment 2: A Milestone

successful operation of an engineered HDR system. The thermal 
power production of over 4 MW, although modest for this closed-loop 
circulation test, conclusively demonstrated the viability of the HDR 
geothermal energy concept.

Rock Geothermal Energy Development Program, it would be managed 
from Los Alamos (HDR, 1979).
 In addition to the Fenton Hill Project, the new national HDR 
Program would comprise all other HDR development and support 
activities (such as instrumentation, HDR exploration techniques, and 
economic studies) as well as all HDR-related projects elsewhere in 
the U.S.
 A key activity under the expanded Program was to be the selection 
of a second experimental HDR site, geologically and geographically 
disparate from Fenton Hill. The Division of Geothermal Energy (DGE) 
of the U.S. DOE felt that the development of such a second site was 
necessary to establish that

1. the basic HDR reservoir development techniques employed at 
Fenton Hill (pressure stimulation of a tight, but jointed, rock mass) 
can be used in other types of hot basement rock, and
2. the proximity of a young silicic volcano to an HDR system is not 
a prerequisite for the success of the HDR concept.

Run Segment 3: September–October 1978

that by imposing a very high backpressure at the production well—thereby 
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borehole to a level  than the joint-closure stress(es)—the reservoir 

was an acknowledgment that the reservoir consisted primarily of a single, 
near-vertical joint.) A second objective for Expt. 186 was added by the 
Project managers: to determine whether operation under high-backpressure 
conditions would increase the effective heat-transfer surface.

had been developing in EE-1, through and around the poor-quality casing 

the surface. But during those brief four weeks, under a constant backpres-
sure of 1400 psi and a constant injection pressure of about 1330 psi at EE-1, 

the biggest factor in this impedance drop was the almost total elimination of 
the stress-induced near-wellbore outlet impedance. 

shown in Fig. 4-15, was determined from a combination of measured and 
calculated buoyancy data. After peaking on day 2 at 2 psi/gpm, the imped-

0.5 psi/gpm on day 28. (The corresponding value on day 28 of Run Segment 2 
was 7 psi/gpm, 14 times greater!) These impedance results were a real "eye 
opener"! They clearly demonstrated that operation under high-backpressure 
conditions could dramatically reduce the near-wellbore outlet impedance.
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impedance during the early stages of Run Segment 2 (that is, 12 of the  
15 psi/gpm on day 2). It was almost completely eliminated when the 
production-well backpressure was increased to a level above the joint-
closure stress, negating the stress-induced pinch-off of the joints at their 
intersection with the GT-2B borehole.

-
late a connecting set of tightly closed, 30°-inclined joints, as depicted in 
Fig. 4-5. (Note: Some HDR Project staff who still held to this concept were 
attempting to use it to explain the high outlet impedance of Run Segment 2. 
However, had the connectivity between the EE-1 joint and the GT-2B bore-
hole been solely via a set of 30°-dipping joints, per the concept shown in 
Fig. 4-5, the outlet impedance would have been far higher than it was.)
 Figure 4-16 shows a revised conceptual model of the Phase I reservoir 
based on the data from Run Segments 2 and 3. The features of the model 
shown in Fig. 4-5 remain valid except that the postulated 30°-dipping joints 
are replaced by a set of near-vertical joints striking about N27W. Running 
oblique to the trend of the 9050-ft EE-1 joint, they connect that joint 

 
Fig. 4-9—about 8620 ft, 8769 ft, and 8900 ft (the deepest of these three 
representing various measurements from 8880 ft to just below 8900 ft)—
and possibly at other depths as well. The existence of such an  set 
of N27W-striking joints is supported by at least the following observations:

There were multiple connections between the 9050-ft EE-1 joint and 
the open-hole interval of GT-2B.

Phase I reservoir and at about the same depth, near the bottom of 
GT-2 (see Figs. 3-25 and 3-34). 

 Note that the lateral distance from the 9050-ft joint to the GT-2B bore-
hole via the deepest N27W connecting joint(s) is only about 10 ft, providing 

 Note: As our understanding of an HDR reservoir evolved, several HDR 
staff were becoming aware that not all the rock in the pressure-stimulated 

reservoir operating pressures. These less-accessible areas include the far 
boundaries of the dilated joints; the rock adjacent to joints having opening 
pressures higher than the reservoir operating pressure; and areas remote 
from the production well and therefore not adequately "swept" by the circu-

portion of the reservoir: that portion of the stimulated region that was in 
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Fig. 4-16. Plan view of the single-joint Phase I reservoir as conceptualized 
after Run Segment 3. 

 During Run Segment 3, the measured production temperature at a depth 
of 8500 ft in GT-2B declined from 135°C to 98.5°C, a drawdown again 
consistent with an effective heat-transfer surface of 86 000 ft2 (8000 m2) 
for one side of the joint. In other words, high-backpressure operation did 
not produce an increase in the size of the circulation-accessible portion of 
the reservoir, as had been anticipated by some. The average thermal power 
production was 2.1 MW, compared with 3.1 MW during Run Segment 2.
 One of the major conclusions drawn from Run Segment 3 was that the 
various pressure stimulations of EE-1 between mid 1976 and March 1977, 
before the redrilling of GT-2 (see Chapter 3), had merely opened, and then 
extended, a single natural joint that now effectively connected EE-1 to 
GT-2B. This joint was nearly orthogonal to the least principal earth stress, 
which was oriented approximately NE–SW. Then, during Run Segment 3, 
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the pressures used—an injection pressure of 1330 psi and a backpressure of 

close to those required to jack open the set of connecting oblique joints 
shown in Fig. 4-16 as well). 

InfoNote

closure stress, the joint becomes increasingly permeable as more and more of 
the asperities previously in contact separate. The process is thus a continuous 
one, of ever-increasing permeability, as the joint passes from a tightly closed 
state to a fully opened one. In fact, it has been shown experimentally in the 

a  pressure difference across the reservoir—a buoyant drive that 
boosted the effective pumping pressure. If the joint-opening pressure could 
have been maintained by some means other than pumping (for instance, 
injection of a high-density brine), the reservoir would have circulated natu-
rally by buoyant drive alone. 
 Figure 4-17 compares a spinner survey taken in GT-2B during Run 
Segment 3 with one taken near the end of Run Segment 2. The Run Segment 2 

production interval; the two deepest of these—at about 8880 ft (also identi-

deepest joint intersections. (Note: Obviously, since the bottom-hole depth 
is 8907 ft, there is some depth error in this survey.8) The remaining 30% 
entered above 8850 ft, through other connecting joints. It appears that the 

Segment 2 and markedly opening up the ones near the bottom of GT-2B. 

8These and other discrepancies (e.g., Fig. 4-9) between the depths of the joint inter-
sections with GT-2B measured by various logs are due to (1) the difference 
in cable stretch on different logging runs, (2) the weights of the logging tools 
used, and (3) the degree of cable drag in the borehole. Variations of up to 30 ft 
have been observed for different measurements identifying the same borehole 
feature.

joint continues to dilate, further compressing the surrounding rock. 
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Adapted from HDR, 1979

-
tions shown in Fig. 4-16 must have behaved in much the same way as a 
direct joint connection, i.e., their closure stresses would be similar to one 
another, but somewhat greater than that of the EE-1 joint. This behavior 
would in turn imply that they were near-vertical and at most a few tens of 
degrees oblique to the strike of the EE-1 joint. The spinner survey done 

reservoir at that time. 

Segment 3 had been steadily increasing as the casing cement continued to 
deteriorate; by day 28, when the test was terminated, it had reached a level 
of 55 gpm. 
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Run Segments 1–3: General Observations 
The poor casing cement job done three years earlier (October 1975) not 

path to the joint at 9050 ft, ultimately shifted the focus of the stimulation 
efforts to that joint. If the cement job had been adequate, the EE-1 joint at 
9650 ft would have been the primary one stimulated during all the attempts 

Phase I reservoir would undoubtedly have been developed more quickly—
and in a much different fashion, probably without the redrilling of GT-2. If 
one mentally deletes the 9050-ft joint from the plan-view geometry shown 
in Fig. 3-34 (Chapter 3), some of the possible strategies can be visualized. 
Instead of the costly and time-consuming redrilling of GT-2, the strategy of 
choice would probably have been repeated injections into both EE-1 and 
GT-2, at higher rates and pressures and for much longer periods. Such a 
strategy would probably have ultimately produced a reservoir of multiple 
interconnected joints, not unlike the deeper Phase II reservoir that would be 
created several years later (see Chapter 6).

important for understanding how interactions between earth stresses and 

in turn determines the productivity of the reservoir. However, from the 
standpoint of long-term HDR power production, it was not an altogether 
favorable achievement. With such a low impedance, the reservoir envi-
sioned for the next phase of operations (Phase II)—a set of parallel vertical 

operated under high-backpressure conditions. For such a reservoir, a high 
near-wellbore outlet impedance would have been a "blessing in disguise": 

vertical joints should be somewhat greater than in the others (as is likely), 

produce a greater and greater degree of cooling, and of cooling-induced 
thermal dilation, than in the other joints. Eventually, this process would 

near-wellbore outlet impedance, being largely unaffected by temperature, 

much less complicated than the wireline-actuated sliding sleeves and other 

the injection well into the envisioned multiple-inlet reservoir. 
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 Tracer studies conducted during Run Segments 2 and 3 suggest that 
cooling-induced thermal dilation affects the reservoir 

.9
from 34 400 L to 56 200 L during Run Segment 2 and from 33 100 L to 
49 600 L during Run Segment 3. It is interesting to note the return to this 

recovery of the reservoir during the intervening 5 months. 

EE-1: Re-cementing of the Casing and Reactivation 
of the Deep Joint (9650 ft)
The problems that developed near the end of Run Segment 3, resulting 
from the poor-quality casing cement job of three years earlier, led to the 
decision to re-cement the bottom section of the EE-1 casing. Repair of 

joint (this joint, the principal entrance into the Phase I reservoir, had been 
stimulated to the extent possible; it was clear that further stimulation would 

joint had been closed off, the plan was to expand the Phase I reservoir via 
the deeper EE-1 joint. The much greater separation between inlet and outlet 
would improve the potential for a much larger heat-transfer surface. 

 Note: It would turn out that although the multiple-joint reservoir thus 
produced indeed provided a much larger heat-transfer surface, the loss 
of the direct joint connection between the two wells ultimately resulted 

Segment 3). What had been demonstrated during Run Segment 2, it would 
be seen later, was that the EE-1 joint at 9650 ft was not connected to GT-2B 
directly but via a set of joints having strikes oblique to that of the 9650-ft 

Re-cementing of the EE-1 Casing—January 1979
In mid January 1979, the bottom 600 ft of the EE-1 casing was re-cemented 

and the joint entrance at 9050 ft. This cement—originally water-cut during 

9 -
mined from tracer studies, by one of a number of methodologies. The one used 
throughout this book—except for Run Segment 5—is the 

. Other methodologies used, and cited in the HDR literature, include 
the Median volume and the modal volume. The latter, which was used for Run 

of tracer circulated through the reservoir from the time of tracer entry until the 
time the tracer concentration at the outlet reaches a maximum.
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-
hole—had initially provided a tenuous seal. But early in 1976 it was pene-
trated and eroded by high-pressure water during pressure and temperature 
cycling, then further eroded and chemically attacked during Expt. 138, the 
quartz-leaching experiment. (The designers of that experiment, knowing 
that the cement in the annulus contained 40% silica, should have realized 
that the hot sodium carbonate leachate they were using to remove silica 

 For the re-cementing operation, Halliburton designed and tested a 

temperature stability. To prepare the borehole, the open-hole interval was 

was pumped down the casing, around the casing shoe, and up the annulus. 

point pumping was suspended and the pressure on the casing maintained 
until the cement had set. Then the residual cement in the casing was drilled 
through and the sand was washed out of the open-hole interval. As shown 
in Fig. 4-18—cement-bond logs run by Halliburton in EE-1 before the 
cementing operation (January 8) and after it (January 16)—the cement in 
the annulus between 9599 and 9050 ft went from 0% bonding to 70%–98% 
bonding. Repeated pressurization and temperature cycling during the subse-

9650 ft, in the open-hole region just below the casing. 
 On February 14, 1979, a radioactive-bromine tracer study (Expt. 194) 
was done to test the integrity of the remedial casing cement job and to 
locate the remaining EE-1 joint connection(s). This study detected no signs 

joint connection at 9650 ft. 

between EE-1 and GT-2B was measured and found to be a surprisingly high 
137 psi/gpm (14.9 MPa per L/s)! This value was only about 10% lower than 
that measured during Expt. 106, three years earlier (before activation of the 
lower-impedance joint connection at 9050 ft). Considering all the reservoir 
development work done since that time, a better result had been hoped for! 
 During injection into EE-1, GT-2B was shut in several times so that 
the pressure rise could be measured. Analysis of the GT-2B pressure rise 

joint system that was active during Run Segment 2, before the re-cementing 
of the EE-1 casing. In other words, the joint at 9650 ft must also be 
connected to this joint system, albeit via a much longer and more tortuous 

by temperature and spinner surveys during Run Segments 2 and 3. 
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Fig. 4-18. Cement bond logs run in EE-1, January 1979. 
Adapted from HDR, 1980

Experiments 203 and 195, Seismicity, and Inferred  
Reservoir Volume

staff members viewed this strategy still in terms of "massive hydraulic frac-
turing," to drive upwards the small "hydraulic fracture" previously created 
at the 9650-ft depth in EE-1.) Whatever the divergent reasons for the 
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approach, in March 1979 the 9650-ft joint in EE-1 was stimulated twice 
10 Seismic 

activity was recorded on a triaxial geophone placed at 8810 ft in GT-2B— 
a location just 840 ft higher than the EE-1 injection point. 

with two principal objectives: 
1. To test the integrity of the re-cementing job

aggressive pressure-stimulation of the joint intersecting EE-1 at 9650 ft 
 Experiment 203 consisted of injection of some 160 000 gal. of water 
into the joint, over about 6 hours—during which time the injection rate 
was maintained at 10 BPM (except for some initial transients caused by 
trouble with the rental pumping equipment). The injection pressure rose to 

after an additional hour of injection. It then slowly declined to 2730 psi. At 
the end of 5 hours of pumping, the system was shut in for 15 minutes for 
repair of a blown-out pressure transducer connection. Pumping at 10 BPM 

pressure-cycling caused by the 15-minute shut-in had brought about a 
re-arrangement of the joint geometry. The lack of any evidence during this 
test of a "fracture breakdown" pressure made it clear that no new joints had 
been opened below the casing shoe in EE-1 (i.e., that the joint at 9650 ft 
was simply being pressure-dilated and possibly extended or better intercon-
nected with other nearby joints). 
 Because high-backpressure operation during Run Segment 3 had suc-

was made to replicate these results during Expt. 203. However, the cable 
pack-off at the surface (required for the deep geophone package in GT-2B) 
unfortunately leaked erratically—sometimes at rates exceeding 100 gpm—

high-backpressure conditions.
 A high-temperature Sperry-Sun magnetic multishot compass was 
attached to the geophone package, to enable its orientation to be deter-
mined; but at the anticipated downhole temperature the life of the 
geophone was limited, and after 5 hours the package had to be pulled up 
and parked near the surface. 

10This EE-1 joint was initially opened in 1975. As discussed in Chapter 3, before the 
completion of EE-1 a Lynes packer was set at a depth of 9600 ft and the entire 
open-hole region, down to 10 053 ft, was pressurized with a Western Co. pump. A 
joint centered at 9650 ft and striking N54W was opened and extended with an injec-

During the spring of 
1976, following the completion of EE-1, this joint was further pressure-stimulated 
numerous times (see discussions of Expts. 111, 116, 117, and 120 in Chapter 3).
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 The second stimulation (Expt. 195),11 which took place on March 21, 

from the Western Co. was on hand to inject at rates up to 20 BPM [53 L/s]). 
For this test, a pressure lock had been fabricated and installed at the GT-2 
wellhead, into which the geophone package could be pulled while the well-
bore was under high pressure. 
 The major part of Expt. 195 was conducted with GT-2B shut in. After an 
initial repressurization of the joint system at an injection rate of 3 BPM, and 
then an increase to 16 BPM, the rate had to be cut back to 12 BPM to avoid 
exceeding the casing pressure limit. This injection rate was maintained 
for 90 minutes while the injection pressure slowly decreased, then was 
increased again to 16 BPM to re-establish a 3000-psi injection pressure. In 

 After the higher-pressure, seismic portion of the experiment had 
been completed, the geophone package was returned to the surface and 
secured in the pressure lock. The injection rate was then reduced to about 
10 BPM, and controlled venting of GT-2B began at surface pressures 
of 1400–1500 psi. With GT-2B producing at up to 100 gpm, the high-

 Don Brown, the Project's advocate for high-backpressure reservoir 
circulation, was perplexed by this result. He had reasoned that if the joint 
intersecting EE-1 at 9650 ft was directly connected to GT-2B, the high-

That it was so much higher indicated the presence of an intervening set of 
joints connecting the 9650-ft joint with the set of joints intersecting GT-2B. 
This observation added to the Project staff's evolving view of the HDR 
reservoir—that it consisted of a network of interconnected joints.
 During this production testing of the enlarged Phase I reservoir, the water 
loss was about 75%, most of which was going into further extending and 

 Considerable microseismic activity was recorded during Expt. 203 and 
during the latter part of Expt. 195. As shown in Fig. 4-19, the activity began 
almost at the outset of Expt. 203 and continued at a high, steady rate for the next 
4 1/2 hours (after which the geophone package had to be pulled up to avoid 
temperature-related problems). During Expt. 195, the onset of seismicity 
was delayed by about 2 hours as the region that had been pressure-dilated  

11As noted in Chapter 3, experiments were not always conducted in the order in 
which they had been proposed (and numbered).
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of this second stimulation test that vigorous, seismically active growth (like 
that seen during Expt. 203) resumed. During the two experiments, the cumu-
lative number of events and the rates at which they occurred far exceeded 
those recorded during previous injection tests; in addition, the event loca-
tions were at much greater distances from the injection point. 

9650 ft, the pressure-stimulated region extended upward to at least 8530 ft 
(2600 m). This distance—1120 ft (340 m)—was more than three times that 
of the previous reservoir region tested during Run Segments 1–3, suggesting 
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Fig. 4-19. Microseismic activity recorded during high-rate injection into 
EE-1 in March 1979 (Expts. 203 and 195). 
Source: HDR, 1980

 Figure 4-20 is a horizontal projection of the locations of the micro-
seismic events that occurred during Expt. 203. From a statistical analysis 
of the stereographic projections (not shown), the microseismic activity of 

85° to 89°. The salient feature is the strike of this zone: N15W. A reser-
voir region consisting of multiple interconnected joints striking in this 
direction—rotated 40° toward the intermediate principal stress (away from 



EE-1: Re-cementing of the Casing and Reactivation of the Deep Joint 197

N55W)—would explain both the higher injection pressures required during 

vertical geometry is supported by the spatial progression of the seismicity, 
with the earliest events occurring close to the injection point in EE-1 and 
then progressing upward and outward within this N15W-striking zone. These 
joints lie at greater oblique angles to the N55W strike of the 9650-ft EE-1 
joint (about 40°) than those in the older portion of the reservoir did to the 

than that of the single-joint reservoir region tested during Run Segment 3.
 The length of the seismically active region, as shown projected onto a 
horizontal plane in Fig. 4-20, is about 500 m (1600 ft), and its mean width is 
about 90 m (300 ft). It is interesting to note that the region surrounding the 
injection point in EE-1 (almost directly below the location of the geophone 
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Fig. 4-20. Horizontal projection of the microseismic activity recorded 
during Expt. 203 (March 14, 1979). 
Source: HDR, 1980 
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 Figures 4-21a and 4-21b represent the seismic activity in vertical section: 

N75E), and the second view along the "plane" of the activity, in the direction 

to a semi-circular zone having a radius of 270 m and a mean width of about 
90 m. The rock volume corresponding to this seismically delineated region, 
or , would be 10 million m3.12 Assuming that all the water 
injected into this region during Expts. 203 and 195 went into joint dilation 
(160 000 gal. + 200 000 gal., or a total of 1360 m3), the seismic volume 
would have a porosity of 1.4 × 10-4. 

100 200
Distance (m)

View to
the east

300

Fig. 4-21a. Vertical projection of the microseismic activity recorded during 
Expt. 203, as viewed in the direction N75E.
Source: HDR, 1980

12Throughout this book, reservoir rock volumes are given only in cubic meters; 
heat-transfer areas are given either in square meters or in square feet with the 
equivalent in square meters.
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Fig. 4-21b. Vertical projection of the microseismic activity recorded during 
both Expt. 203 and Expt. 195, as viewed in the direction N15W.
Source: HDR, 1980

The True Measure of an HDR Reservoir: Rock Volume

 The preceding discussion introduced the concept of a reservoir 
. For the older, essentially single-joint Phase I reservoir region, 

the metric for evaluation was the —the amount of 
joint surface accessible to the circulating 
HDR reservoir that  
the volume of rock accessible to the circulating 
important parameter for reservoir heat production. (Recall once again 
that at this time, many of the HDR Project staff did not yet recognize 
the multiply jointed character of the enlarged Phase I reservoir created 
during Expts. 203 and 195; they believed that the reservoir of Run 
Segments 2 and 3 consisted of a single, "penny-shaped fracture" and 

was a second, larger, such fracture.) 
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 With our understanding of the more complex nature of an HDR 
reservoir comes the realization that the reservoir comprises two distinct 
rock : 

1. The  rock volume—the stimulated region of rock enclosing 
the foci of most of the microseismic events produced by the initial 
pressurization. (We assert that no joint slippage—the mechanism by 
which these events are generated—can occur without the action of 

 This seismic rock volume 
has associated with it a volume, which is 
initially used to pressure-stimulate (usually at relatively high pres-
sures) that seismic volume. 
2. The  rock volume—the smaller volume of 
rock accessed by the circulating 
production (at pressures lower than those used to create the seismic 
volume). At typical production pressures, which are selected to 
prevent reservoir growth and to minimize pumping costs, many of 
the pressure-dilated joints—particularly those having higher opening 
pressures and those located at the periphery of the seismic region—
are not readily accessible to the This circulation-
accessible rock volume, which can be viewed as the  reservoir 
volume for heat transfer, cannot be measured directly; it must be 
obtained from modeling studies based on a known (or reasonably 
estimated) mean joint spacing and conducted 

associated with this rock volume, the  , can 
be determined through tracer techniques.

 It is important to note that these two rock volumes represent the 
end points of a continuum of volumes that are dependent upon the 
mean reservoir operating pressure. Thus, intermediate volumes can be 
"engineered" to meet particular objectives, such as enhancing reservoir 
productivity by increasing the circulation-accessible rock volume. 
 (Because the notion of the penny-shaped fracture would continue 
to dominate the thinking of some of the HDR Project staff, the term 

 continues to appear below in discussions of tests 
and experiments based on that thinking.)
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State of Stress within the Phase I Reservoir 

From earlier testing, combined with the results of Run Segment 3, one 
can conclude that the least principal earth stress at the depth of the Phase I  
reservoir (9000–9600 ft) has a value of about 1240 psi, or 8.6 MPa (see 
Expts. 114 and 122A in Table 3-12, Chapter 3). Dey and Brown (1986), 
using a different methodology, found values of 9.6 MPa (1390 psi) for the 
least principal earth stress and 21.6 MPa (3130 psi) for the intermediate 
principal stress for a depth of 9500 ft in the Phase I reservoir region. For 
the direction of the least principal earth stress within the reservoir, a very 
elegant determination was made by Burns (1988). Using borehole tele-
viewer images of a large number of borehole breakouts, he determined a 
direction of N110.7E (±10.3°). 
 Using standard rock mechanics relationships and the minimum joint-
closure stress measured during Expt. 203 for the near-vertical joints oriented 
N15W (2130 psi), one can obtain the intermediate principal earth stress ( 2) 
directly, as follows:

  normal = 3cos2  + 2sin2

where
 3 (least principal stress) = 1240 psi,

normal (closure stress on N15W joints, oriented N75E) = 2130 psi,
 and

 (angle between the normal to N15W joints and least
     principal stress direction [N111E]) = 36°,

2 = 3800 psi (reasonably close to the value determined by  
  Dey and Brown)

 Note that this value for 2 is about one-third the overburden stress ( 1) of 
10 900 psi at a depth of 9500 ft. (Because the tectonic regime at Fenton Hill 
is , the maximum earth stress is vertical.)
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Flow Testing of the Enlarged Phase I Reservoir, 
1979–1980

The information in this section is abstracted mainly from Dash et al. (1981), 
HDR Geothermal Energy Development Program (1979), Murphy et al. 
(1980a), HDR Geothermal Energy Development Program (1980), Murphy 
et al. (1981a, 1981c), and Zyvoloski et al. (1981a). 
 
Run Segment 4: October–November 1979
Run Segment 4 (Expt. 215) was designed as four stages of operation with 
the following planned parameters (some of which were changed during the 
actual operation):

1. An early period of additional pressure stimulation of the EE-1 joint 
at 9650 ft, at an injection rate of 10 BPM

1800 psi and a production borehole backpressure of 160 psi)

stage and 1700 psi for the second)

pressure of 1400 psi and a production pressure of 160 psi)

 Note: The centrifugal pumps recently purchased by the Laboratory were 
not capable of injection pressures above about 1500 psi. For this reason, 
only the fourth stage was carried out with these pumps. Rental pumping 

2900 psi and a rate of 10 BPM (26.5 L/s), lasted about 8 hours, with GT-2B 
being vented at a low-backpressure level of 160 psi during the entire test. 
The production rate at GT-2B increased from 15 to 100 gpm over the 8-hour 

that measured during Expt. 122A in May 1976). 
 The second stage consisted of circulation of the reservoir for an addi-
tional day, at the same backpressure of 160 psi but with an injection pres-

 
19.7 psi/gpm. 
 The third stage of Run Segment 4 followed immediately, but the injec-
tion pressure, at a near-constant 2420 psi, was higher than that planned; 
and only one high-backpressure level (1480 psi) was used instead of two. 
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monitoring indicated that low-level seismic activity occurred only during 
this third stage, and only at magnitudes of –1.5 or less on the extrapo-
lated Richter scale. Activity was detected at distances up to 2300 ft from 
the injection point, suggesting that the injection pressure of 2420 psi was 
producing a slowly growing stimulated region. 

and lasted 16 days, was designed as a heat-extraction experiment prepara-
tory to the much longer Run Segment 5. This stage was a closed-loop opera-

pressure-dilated reservoir region. (The makeup water was supplied initially 
from the reserve pond and later, as less was needed, from the on-site water 
well.) The injection pressure was maintained at about 1400 psi and the 
production pressure at a low 160 psi.
 At the beginning of the fourth stage, the system was shut in so that the 

that would incorporate the Laboratory's newly acquired centrifugal pumps. 

shut-in behavior of the reservoir—both the injection and production sides—
-

ance determined (see below). 

13.1 psi/gpm near the end of this stage. The water loss varied over the 

After an initial transient period of two days, the average thermal power 
production became almost constant at 3 MW (at a constant reservoir outlet 
temperature of 153°C, as measured at a depth of 8500 ft).

Run Segment 4: Observations

Through-Flow Fluid Volume of the Reservoir 

Phase I reservoir, as measured at the beginning of both Run Segments 2 
and 3. Such an increase in volume would suggest that the enlarged reservoir 
accessed from EE-1 had been not only pressure-dilated but also cooled and 
thermally dilated by the high-pressure stimulations of Expts. 203 and 195. 
To those still giving credence to the vertical-hydraulic-fracture concept, a 

2 
(40 000 m2). However, the essentially constant reservoir outlet temperature 
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during Run Segment 4 (i.e., no drawdown) means that the heat-transfer 
surface for the enlarged Phase I reservoir tested during this run segment 
cannot be determined. Notwithstanding, some brave HDR staff did publish 

transfer surface was about 480 000 ft2 (45 000 m2). 

InfoNote

constant temperature and pressure and with no change in the joint aperture, 
-

tive of the amount of new heat-transfer surface created. However, for reservoir 
operations that involve pressurized circulation, the attendant cooling will 
produce some degree of thermal contraction; and changes in inlet and/or outlet 
pressures will bring about changes in the pressure-dilation of the joints. This 

transfer surface unless these temperature and pressure effects can be corrected 

Reservoir Temperatures
Figure 4-22 shows the temporal variation in reservoir-associated tempera-

-
ments, during Run Segment 4. The most striking feature is the agreement 

quartz geothermometers)—in particular for days 16–24—and the almost 
40°C difference between those curves and that of the reservoir outlet 
temperature (measured by the wireline temperature tool located at about 
8500 ft). The explanation for this discrepancy is fairly simple: the geother-

i.e., the region near the 9650-ft joint entrance. In contrast, the reservoir 

those regions of the reservoir near GT-2B that had been cooled earlier, 
during the 3 1/2 months of power production during Run Segments 2 and 3 
(the associated thermal drawdowns for these run segments were 85°C and 
98.5°C, respectively).
 In other words, the marked difference between the average of the 
geothermometer readings (190°C) and the reservoir outlet temperature (ca. 
153°C), particularly over the last 8 days of steady-state reservoir operation, 

newly opened joints connected to the 9650-ft inlet from EE-1, and (2) the 

connected to the GT-2B borehole (the temperatures of these joints were still 
recovering from the cooling of Run Segments 2 and 3). 
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 Note:
would be to determine the effective heat-transfer surface of the enlarged 
Phase I reservoir. As mentioned above, the analytical models being used 
were not incorporating the notion of reservoir  because it was not 
yet recognized that the enlarged reservoir was a multiply jointed one. The 
objective of this run segment was somewhat compromised, therefore, by the 

jointed portion of the reservoir, combined with an interior set of joints of 
unknown nature between this newer portion and the older, severely cooled 
one. The problem was, how to estimate a heat-transfer surface when the 
parameters of any numerical computation would depend on the particular 
geometric reservoir model adopted, and when the only available parameter 
was the temporal variation of the reservoir outlet temperature. Even that 
parameter—owing to these simultaneous heating and cooling processes—
would behave in an unexpected fashion (actually slightly for the 

 below). 
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Reservoir Flow Behavior

apparent between the surface injection and production conditions. Operation 
at either high backpressure or low backpressure had almost no effect on the 

of 2450 psi tended to gradually increase irrespective of the backpressure at 
GT-2B—as if one side of the reservoir "didn't know what the other side was 

constant injection rate, the injection pressure would likewise have been unaf-
fected by high or low backpressure at GT-2B and would have slowly declined. 
 The insensitivity of the enlarged reservoir to inlet or outlet pressure 
variations contrasts with the much more "connected" inlet-to-outlet behavior 
observed for the predominantly single-fracture reservoir tested during Run 

-
ance—both magnitude and distribution—between the two portions of the 

the elevated backpressure, by effectively jacking open the joint connecting 
the boreholes, brought the combined body and outlet impedances to a very 

(which consisted almost entirely of body impedance) for the third stage of 
Run Segment 4 was 7.3 psi/gpm—more than seven times higher. 

Phase I reservoir was being conveyed to the production well via the same set 
of joints that had connected the older, smaller reservoir to GT-2B during Run 
Segments 2 and 3. This observation represented a real "breakthrough" in 

multi-jointed region rather than a simple vertical "fracture." On the basis of 
linear heat diffusion theory (Wunder and Murphy, 1978), it was estimated 
that at the beginning of Run Segment 4, after thermal recovery from the 
cooldown of Run Segments 2 and 3, the set of joints connected to GT-2B 
had surface temperatures of 150°C–155°C (very close to the measured reser-
voir outlet temperature of 153°C shown in Fig. 4-22).
 Figures 4-23 and 4-24 show, respectively, the pressure responses at GT-2B 
and EE-1 on November 6, 1979, during the brief shut-in period of the fourth 
stage. Both indicate the presence, not far from the reservoir inlet and outlet, 

region—the highly impeded interior portion of the reservoir—the pressure 
at GT-2B rose rapidly; in less than 5 minutes it reached nearly 1200 psi. 
During the same time interval, the pressure at EE-1 dropped from 1400 psi 
to 1200 psi. In other words, this 1200-psi pressure at both boreholes repre-

region, or "body," of the reservoir. 



Flow Testing of the Enlarged Phase I Reservoir, 1979–1980 207

1200

1000

800

600

400

200
0-10 10 20 30 40 50 60 70

Time (min.)

Reservoir pressure = 1320 psi

GT-2 flow
shut-in at
196 psi

G
T-

2 
su

rfa
ce

 p
re

ss
ur

e 
(p

si
)

(M
P

a)Just before GT-2 shut-in, production flow = 103.5 gpm

8

7

6

5

4

3

2

Fig. 4-23. Pressure history at GT-2B during a brief shut-in of both wells 
(about one-third of the way through the fourth stage of Run Segment 4). 
Source: Murphy et al., 1980a

1500

1400

1300

1200

1100

10

9

8

7
0 10-10 20 30 40 50 60 70

Time (min.)

Shut-in

Reservoir pressure = 1088 psi

1396 psi

122 psi frictional loss

EE-1 flow
shut-in

186 psi

1274 psi

E
E

-1
 s

ur
fa

ce
 p

re
ss

ur
e 

(p
si

)

(M
P

a)

Just before EE-1 shut-in, injection flow = 125 gpm

Fig. 4-24. Pressure history at EE-1 during a brief shut-in of both wells 
(about one-third of the way through the fourth stage of Run Segment 4).
Source: Murphy et al., 1980a



Chapter 4   Phase I Reservoir Development208

Reservoir Flow Impedance 

crucial data set on the performance of the enlarged Phase I reservoir. From 

InfoNote

measured: 
Impedance = inlet pressure minus outlet pressure divided by the produc-

the injection and production wells.
 There are two reasons for this convention, particularly as regards the 

gives the actual pressure difference that had to be supplied by the circulating 

on, the mean temperatures in the injection and production wells would remain 
almost constant (in particular, the more density-sensitive production tempera-
ture would change very little—e.g., only 7°C during Run Segment 5 and  
no change during the LTFT in the 1990s). 

in the enlarged Phase I reservoir, that the joint connections to the GT-2B 
borehole did not change as a consequence of the reservoir enlargement. 
Therefore, the high-backpressure impedance values obtained during Run 
Segment 3 are applicable to the older portion (connected to GT-2B) of the 
enlarged Phase I reservoir as well. After 7 days of circulation, the overall 

less than 0.1 psi/gpm, the 1.0 psi/gpm impedance represents the sum of the 
body and near-wellbore outlet impedances (but predominantly the latter, 
because the principal joint was being pressurized at a level above its closure 
stress and was therefore dilated). 
 Table 4-2 lists the average operating conditions for the second, third (last 
8 hours), and fourth stages of Run Segment 4. These data reveal a surprising 

low backpressure, of imposing a 2 1/2-day period of operation at high back-
pressure. As can be seen, the overall impedance dropped during the fourth 
stage to about two-thirds of its second-stage value—from 19.7 psi/gpm to 
13.1 psi/gpm. The only logical explanation for this behavior is a shifting 
or relative movement among the multiple joints opened within the newer, 
interior portion of the reservoir (which accounts for the body impedance), 
brought about by a brief imposition of high backpressure at GT-2B concur-
rent with an elevated (2450 psi) injection pressure at EE-1. A comparable 
decrease in impedance would be seen again at the end of Run Segment 5, 
when high pressures (ca. 2200 psi) were imposed on both wellbores during 
the Stress-Unlocking Experiment—see below.
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Table 4-2. Average operating conditions during the last three stages  
of Run Segment 4

Second stage  
27 October 1979 
(08:00–16:00 h)*

Third stage 
30 October 1979 
(00:00–08:00 h)*

Fourth stage 
3–15 November 
1979*

Backpressure LOW HIGH LOW
GT-2B  

 
   Temperature (°C) 
   Backpressure (psi)

 
116 
154 
160

 
129 
153 
1480

 
95 
153 
160

EE-1 
 

   Pressure (psi)

 
246 
2450

 
380 
2420

 
120 
1400

 
   (psi/gpm)

 
19.7

 
7.3

 
13.1

Apparent water loss (gpm) 130 251 25
Thermal power (MW) 3.8 4.2 3.1

* interval over which data are averaged

 The most remarkable aspect of the impedance reduction illustrated in 
-

ment efforts—was the ease of accomplishing such a reduction. It required 
only 2 1/2 days and a modest-size commercial pump truck (at a rental cost 

impedance from 19.7 psi/gpm to 13.1 psi/gpm increased the potential reser-
voir production by about 50%. Even though Run Segment 4 did not provide 
ideal test conditions for isolating the different components of the reservoir 

conclusions can still be drawn:
1. During high-backpressure operation (third stage), nearly all of the 

the body of the reservoir and the set of joints connected to GT-2B.13 The 
near-wellbore inlet impedance, after several weeks of cold injection, 
would be very small (0.1 psi/gpm or less), owing to cooling-induced 
thermal dilation of the inlet joint connected to EE-1. The impedance 
across the interconnected joints making up the body of the reser-
voir should also have been very small: with opening pressures in the  
1400- to 1600-psi range, all these joints should have been held widely 
open ("pressure-propped") by an injection pressure in excess of 2400 psi.  

13In this new, enlarged Phase I reservoir, in addition to the near-wellbore inlet 
impedance, the body impedance, and the near-wellbore outlet impedance, a 
fourth impedance component was being added: the "interior" impedance to 
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In other words, under conditions of both high backpressure and elevated 
injection pressure, the overall impedance appears to consist of the near-
wellbore outlet impedance, i.e., of the joints connected to GT-2B (about 
1 psi/gpm, as measured during the high-backpressure Run Segment 3) 
plus the "interior" impedance across the acute-angled intersections of 
these joints with those in the body of the reservoir (about 6 psi/gpm). 
The latter, inferred impedance should have been largely insensitive to the 
level of reservoir pressurization because of the turbulent and restricted 

and that of Run Segment 3 is compared with the difference between the 
impedances of the third and fourth stages of Run Segment 4, there is 

During the early parts of both Run Segment 2 and Run Segment 3, the 
injection pressures were very similar; only the backpressure changed, 
from 250 psi during Run Segment 2 to 1400 psi during Run Segment 3. 
The sharp drop in overall impedance seen when the high backpressure 
of Run Segment 3 almost completely eliminated the near-wellbore outlet 
impedance allows one to conclude that nearly all (~80%) of the overall 

-
able to the near-wellbore outlet impedance. In contrast, during the fourth 

reduced from the level of the third stage, but the injection pressure was 

than that of the third stage—but how much of the increase is attributable 
to the drop in backpressure, and how much to the drop in injection pres-
sure? The only way to answer this question would have been to insert 
a test stage between the third and fourth stages—one that repeated the 
conditions of the second stage (low backpressure and elevated injection 

-
sure by itself. 
3. Although it is tempting to attribute the entire increase in the overall 

 
13.1 psi/gpm during the fourth) to an increase in the near-wellbore 
outlet impedance, this does not correlate well with the larger decrease in 
impedance of Run Segment 3 (to 1 psi/gpm from the 13 psi/gpm of Run 
Segment 2) given an equivalent change in backpressure. 

 Note: The issue of the impedance of the reservoir has been given partic-
ular emphasis because the reservoir conditions observed at the end of Run 
Segment 4 would be those obtaining throughout the upcoming extended 
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Seismicity: What Does it Say About the Reservoir?
The seismicity recorded during the third stage of Run Segment 4 presents 
an anomalous picture when compared with that recorded during Expts. 203 

injection of 160 000 gal. (during Expt. 203) and of 200 000 gal. (during 
Expt. 195) each produce a much higher level of microseismic activity than 
the injection of 
4? (As illustrated in Fig. 4-25, only a small amount of seismicity occurred 
near the end of the third stage.) The injection pressures varied from 

stages—not much lower than the 2900-psi injection pressures used during 
Expts. 203 and 195.
 As shown in Murphy et al. (1980a), the integrated water loss at the end 
of the high-backpressure third stage (after 4 1/2 days of high-rate injection) 

 the total 
quantity injected during Expts. 203 and 195, had to have gone somewhere. 
It is estimated that most of this 1.4-million-gal. water loss was actually 
going into additional reservoir growth at the boundaries of the previously 
stimulated region.
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Fig. 4-25. Microseismic activity recorded during the third stage of Run 
Segment 4, compared with activity during high-rate injection into EE-1 in 
March 1979 (Expts. 203 and 195).
Source: Murphy et al., 1980a 
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 The puzzle, then, is that growth as extensive as this should have been 

of the last 4 hours of the third stage—when the reservoir would have been 
extending most actively—was low and constant, and remained so even after 

-
ering that almost 30 years have passed since these tests were done, it is very 
hard to determine what actually happened. It may well be that during the 
third stage, the geophone package was not adequately coupled to the GT-2B 
borehole for good seismic monitoring. But one can only guess. 
 Figure 4-26 illustrates the distribution of seismicity, collapsed onto a 
horizontal plane, recorded14 during a 4 1/2-hour period near the end of the 
third stage of Run Segment 4. As one can see, the seismic activity tends to 
be concentrated in the NE quadrant, out to distances of about 600 m. 

N
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EW
400600

Distance (m)

EE-1
injection point
at 9650 ft

Geophones
positioned
in EE-2 at
9465 ft

200

Fig. 4-26. Plan view of the microseismic activity recorded near the end of 
the third stage of Run Segment 4 (October 30, 1979).
Adapted from Murphy et al., 1981a 

14on a triaxial geophone package placed at a depth of 9465 ft in the new EE-2 bore-
hole. With drilling of this borehole (for the Phase II operations) well advanced 
by this time, EE-2 was occasionally used as an observation borehole during the 
last part of Phase I testing. 
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 The staff guiding the HDR Project at this time, still enamored with the 
penny-shaped-fracture theory, concluded that most of the 2 million gal. 

(except for the modest amount produced at GT-2B) had simply permeated 
into the rock mass surrounding the vertical "fracture" created during Expts. 
203 and 195. This fracture, according to the theory, would have extended 

seismic activity depicted in Fig. 4-26 maps a very large stimulated region 
that is  distributed. As noted above, it is likely that the bulk of the 
injected water was simply being stored in the very large pressure-dilated 
joint system created during Expts. 203 and 195 and then greatly extended 
by the 2-million-gal. injection—at surface pressures of over 2400 psi—

continuation of Expts. 203 and 195).
 The relatively low level of seismicity accompanying the creation of this 
very large stimulated region, a diffuse pattern extending outward over 600 m, 
remains unexplained—and perplexing. (Note: This pattern of seismicity, 
although shown in Murphy et al., 1981a, is not discussed therein nor in other 
reports of the time. It differs considerably from that reported a year earlier 
[Murphy et al., 1980a] and must have resulted from a global re-analysis of the 
microseismic event locations recorded during this massive injection.) Given 
the average injection pressure of 2440 psi, one would have expected consid-
erable seismicity. However, if the joints being dilated during Run Segment 4 
were oriented nearly perpendicular to the least principal earth stress (about 
1240 psi), their opening—even of a large array—would have been mostly 
aseismic (particularly as regards shear waves, because such joints would not 

low level of seismicity, the fact that the pattern is so broad and diffuse indi-
cates that there must have been at least some seismicity arising from intercon-
necting joints having other orientations. 
 What would prove most relevant to subsequent analyses is the excessive 
cooling of the central portion of the enlarged Phase I reservoir, as the cold 

pressure-stimulated region. 

_________________________

 At the conclusion of Run Segment 4, only two principal issues remained 
unresolved: 

1. What was the internal structure of the enlarged Phase I reservoir? 
2. What was the effective heat-transfer surface?

 Answering the second question was the main objective of the Run 

all the Phase I reservoir testing—at a much later date. 
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Run Segment 5: March–December 1980
Like other tests of the Phase I reservoir, Run Segment 5 (also known as 
Expt. 217) was preceded by a number of start-up operations, which began on 
February 27: background temperature logs in both EE-1 and GT-2B, testing 
of the surface piping and related equipment, and concurrent testing of the 

15 were carried out from 
March 3 to 10, during which the reservoir was circulated in both directions, 
at injection rates varying from 9 to 110 gpm and for periods varying from 3.4 
to 91.7 hours. 
 Finally, March 10 saw the start of a 281-day period of mostly sustained 
heat extraction—the only interruptions being a 7-day shut-in starting on 

Unlocking Experiment (SUE) in early December. (The objective of the SUE 
was to relieve to some extent the thermal stresses induced by the extraction of 
15 million kWh of heat during Run Segment 5. This experiment is discussed 
below.) While GT-2B was maintained at a backpressure of about 200 psi, 
the initial EE-1 injection pressure of 1400 psi slowly declined to about 
1200 psi (because of a lack of pumping capacity); the reservoir water-loss 
rate decreased to 7 gpm; and thermal power production averaged 3 MW. 

eroding the cement in the annulus above the 9050-ft joint intersection—both 
the original poor cement and the newer cement that had been "squeezed" into 
this zone during the re-cementing of the bottom 600 ft of the EE-1 casing. 

existing throughout Run Segments 2 and 3—from below the casing, thence 
upward through the essentially empty annulus behind the casing, and into 
the 9050-ft joint. But it had not completely sealed the poor cement in the 
annulus 
the casing, originated from the reservoir itself—following a downward path 
to the EE-1 borehole through the 9050-ft joint (i.e., in the direction opposite 
that in which the earlier reservoir had been circulated), then upward through 
the re-cemented annulus and out at the surface.

 
 

Although originally planned as a 3- to 6-month experiment, Run Segment 5 
was gradually extended almost to Christmas 1980 (a total of 293 days, 
including the 12-day start-up period) and nearly ran the HDR crew to 

15The last of these tests of the reservoir's start-up behavior, which began the 
morning of March 10 with injection into EE-1 at a rate of 110 gpm, was actu-
ally the beginning of the extended circulation phase of Run Segment 5.
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Manager, on December 16. After having carefully plotted the production 
zone outlet temperature—daily—for the preceding several months, he 
concluded that nothing more could be learned by continuing to circulate the 
Phase I reservoir, now compromised by the annulus leak. In fact, 5 months 

had already pronounced Run Segment 5 "dead in the water." But others 

Comparison of Reservoir Through-Flow Fluid Volumes:  
Run Segments 2–5

by tracer studies done during Run Segments 2 through 5—are shown 
in Table 4-3, in terms of both integral mean and modal volumes. It was 
noted earlier (see footnote 9) that the authors consider the former measure 
to be the more reliable overall. The major reason for this—although never 

could never be  than that allowed by the circulation-accessible rock 
volume at a given operating pressure.

Table 4-3. 

Elapsed time 
(days)

Integral mean  
 

(m3)*

 
volume 
(m3)*

Original reservoir 
    Run Segment 2 (75 days, 
    low backpressure) 
          9 Feb 1978 
          1 March 1978 
          23 March 1978 
          7 April 1978

 
 
 
8 
28 
50 
65

 
 
 
34.4 
37.5 
54.7 
56.2

 
 
 
11.4 
17.0 
22.7 
26.5

    Run Segment 3 (28 days, 
    high backpressure) 
          28 Sept 1978 
          13 Oct 1978 
          16 Oct 1978

 
 
10 
25 
28

 
 
33.1 
56.5 
49.6

 
 
3.8 
11.4 
20.8

Enlarged reservoir 
    Run Segment 4 (21 days) 
          26 Oct 1979 
          29 Oct 1979 
          2 Nov 1979 
          12 Nov 1979

 
 
—** 
0 
2 
12

 
 
207 
230 
262 
283

 
 
136 
144 
121 
129

    Run Segment 5 (281 days)  
          16 April 1980 
          9 May 1980 
          3 Sept 1980 
          2 Dec 1980

 
38 
61 
178 
268

 
404 
1100 
1311 
581

 
155 
161 
178 
187

* All volumes are given in m3 to facilitate comparisons among the data sets. 
** This tracer study was done two days before the beginning of Run Segment 4. 
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 For the very lengthy Run Segment 5, however, the integral mean 
volume calculations were too erratic to be considered reliable, and the 

changes in volume. This volume was somewhat larger for Run Segment 5 
than for Run Segment 4, and increased slowly over the 8 months (mid 
April–early December 1980). The average of the Run Segment 4 and 5 
values (151 m3

Segment 2. Similarly, the average integral mean volume during Run 
Segment 4 (245 m3) was about four and a half times the integral mean 
volume at the end of Run Segment 2. 

Temperature Conditions in the Reservoir at the Beginning  
of Run Segment 5
Before Run Segment 5 began, the temperature situation in the central 
portion16 of the extensive seismic volume constituting the Phase I reser-

mostly unrecognized. Figure 4-27 shows a temperature survey done in 
EE-1 on February 27—eleven days before the start of circulation—in rela-
tion to the temperature gradient measured in the fall of 1975, soon after 
completion of this borehole. The two major depressions in the temperature 

Run Segments 2 and 3 (by injections into the 9050-ft joint) and then the 
marked cooling of the rock on either side of the 9650-ft inlet joint to this 
central portion of the reservoir (from the initial temperature of 197°C seen 
on the 1975 gradient to an average of about 155°C). This second cooling 

Segment 4, is the most important inference from the temperature data—an 
understanding of which is key to understanding Run Segment 5 and the 
overall thermal performance of the Phase I reservoir. 
 Note that Fig. 4-27 also gives strong evidence of a pair of entrances from 
EE-1 into the enlarged Phase I reservoir during Run Segment 4. The temper-
ature dip at a depth of about 9500 ft indicates the second joint entrance, 

in the lower part of the re-cemented annulus, which had shrunk slightly, 
forming a microannulus that would slowly be eroded by the continuing 

October 1975, before the casing of the borehole, by several geophysical and 
temperature logs (see Chapter 3). 

16This rock volume, which was much smaller than the seismic volume, is the region 

Run Segment 5. 
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Fig. 4-27. Static temperature log taken in EE-1 on February 27, 1980 
(12 days before Run Segment 5 circulation began). 
Adapted from Zyvoloski et al., 1981a

HDR myths: that two nearby joints could not be open simultaneously (the 

keeping them tightly closed). From the data shown in Fig. 4-27, this theory 
is obviously false. 

joint and then into the 9650-ft joint, had moved laterally from these joint 
entrances into the surrounding rock. Figure 4-28 depicts the cooled region 
in relation to the trajectory of the EE-1 borehole, the only place where reser-

elucidate the spatial relationship between the reservoir inlets and outlets, is 
the trace of the short production interval in GT-2B. 
 The cooling produced by the injections into the 9050-ft joint (Run 
Segments 2 and 3) evidently persisted at least 16 months after the end of 
Run Segment 3, when these temperature measurements were taken. One 

temperature depression is seen to begin at about 8750 ft and to end at about 
9300 ft; and second from Fig. 4-28, in which the horizontal distance between 
those two depths in EE-1 is seen to be about 40 ft (the cooled zone being 
roughly orthogonal to the trace of the 9050-ft joint). However, the width of 
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the cooled zone around the 9650-ft joint is harder to obtain, because—as 
seen in Fig. 4-28—the EE-1 borehole did not traverse that joint but was 
instead turned sharply eastward at that depth. Even so, by extrapolating the 
half-width of the cooled zone that was measurable (from 9300 ft to 9650 ft 
in Fig. 4-27) to an equal distance below the joint in Fig. 4-28, one obtains an 
approximate overall width of 75 ft. (Note that the cooling waves for the two 
joints, as depicted in Fig. 4-27, overlap at a depth of about 9300 ft—thus the 
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EE-1 portion of Fig. 3-34.) 
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reservoir was primarily vertical—upward and somewhat outward through 
the array of joints associated with the entrance at 9650 ft in EE-1, then 
through unknown (but obviously existing) connections to the 9050-ft joint, 

production interval in GT-2B (about 8600–8900 ft, as shown in Fig. 4-28). 
How much of the rock volume pressure-stimulated during Expts. 203 and 

-
ture; but given the extensive joint system indicated by this large seismic 

in the N15W–S15E direction, via the extensions of the 9650-ft joint (see 
Figs. 4-20 and 4-21).
 The great extent of this seismic volume also makes it easy to envision the 
comparatively small jointed region connecting EE-1 to GT-2B as an inlet 

of the seismic region during Expts. 203 and 195, and then for the 1.4 million 

Segment 5 would have contributed to the severe cooling of this vertical 
"manifold" of jointed rock—but the only cooling that is actually evident is 
that shown in Figs. 4-27 and 4-28. 

Hydraulic and Related Data

Clearly visible are the effects of the 7-day shut-in that began on day 68. 
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Fig. 4-29. Wellhead pressures during Run Segment 5. 
Source: Zyvoloski et al., 1981a
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 Figure 4-31 illustrates the variation, during Run Segment 5, in the 

EE-1—which under steady-state conditions could be assumed to be equal to 
the reservoir water-loss rate. According to several analysts, the only data in 

water-loss data from previous run segments were those up to about day 70. 
The 7-day shut-in that began on day 68 and the open-loop segment of the 

makeup-water data used for water-loss calculations. 

reservoir to the surface, was penetrating the remedial cement in the annulus 
above the 9050-ft joint intersection at an ever-increasing rate. (This bypass 

via this alternate path was clearly detrimental to accurate thermal modeling 
of the reservoir! For example, it added several degrees to the normal heating 

9600 ft in EE-1, increased from 70°C on day 160 to 78°C by day 200. 
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Segment 5 (uncorrected for buoyancy effects). After the very long—about 
30 days—start-up transient, this impedance leveled out at about 13 psi/gpm, 
very close to that measured during Run Segment 4. 
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Modeling of the Heat-Transfer Surface 

of the rock near the reservoir inlet, the modeling done to determine the 
effective heat-transfer surface—the main objective of Run Segment 5—was 
reasonably successful. The principal parameter used in these modeling 
efforts was the temporal variation in the outlet temperature. The analytical 

surface of 50 000 m2, as predicted by the "Independent Fractures Model." 
(This heat-transfer model was initially developed to analyze the Run  
Segment 2 reservoir, then expanded to accommodate two series-connected 
joints for the analyses of Run Segment 5. It was so named because it was 
used to model, independently, the heat-transfer surface of each of the "frac-
tures" [joints] constituting the enlarged reservoir—the 9050-ft joint of the 
original Phase I reservoir and the 9650-ft joint through which the enlarged 
reservoir was created.) 
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as measured in the casing at 8500 ft—just above the several production 
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behavior for an HDR geothermal reservoir, and one that would suggest 

reservoir) of the previously cooled joints connected to GT-2B. For the next 
50 days, the outlet temperature was nearly constant, dropping only 0.7°C 
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(to 157.2°C), suggesting an almost isothermal reservoir at a temperature of 
-

and maximum measured temperatures); then after day 140 and for the rest 
of Run Segment 5, the outlet temperature declines more sharply, in close 

the reservoir outlet.
 The heat-transfer surface for Run Segment 5 was estimated by incor-
porating the temperature data from Fig. 4-33 and the Run Segment 5 

(Table 4-4). This numerical simulation results in a thermal drawdown of 
7°C in 185 days (from day 75 to day 260).

Table 4-4. Heat-transfer surface of the Run Segment 5 reservoir based on  
the Independent Fractures Model 
Original reservoir 
    (Run Segments 2 and 3)

One joint, modeled surface = 15 000 m2

Enlarged reservoir 
    (Run Segments 4 and 5)

One additional joint, modeled surface 
= 35 000 m2

Total surface (both joints) 50 000 m2

 However, one salient feature of the measured reservoir cooldown shown 
in Fig. 4-33 escaped the analysts: The near-constant production tempera-

mean temperature 
of the circulation-accessible rock volume was about 157°C—before signif-
icant cooldown began at the production well. Further, when the cooling 

cooldown proceeded as if the entire 50 000-m2 heat-transfer surface was 
at this mean temperature. In other words, the rock in the region of the inlet 
was no longer at a temperature of 197°C, as had been measured in 1975. 

paths could, and did, have different surface temperatures. This phenom-
enon is illustrated in Fig. 4-34, which shows temporal variations in outlet 
temperatures measured at three zones within the GT-2B production interval 

during Run Segment 5). Note that the upper zone had the highest tempera-
ture, an intuitively anomalous behavior. However, the reservoir model 

would have enhanced heat transfer (through more contact with the hotter 

show (Zyvoloski et al., 1981a). 
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 At the same time that some Project staff were modeling the reservoir's 
heat-transfer surface using the assumptions of the Independent Fractures 
Model, others were starting to explore the notion of an HDR heat-transfer 

that would be implicit in a conceptual model based on a complex, 
multiple-joint geometry.

Heat-Transfer Volume of the Reservoir 
At the time the Phase I reservoir was being tested, there were only two 
ways of estimating the circulation-accessible rock volume (or effective 

determined for the seismic volume (1.4 × 10-4—see discussion of Fig. 4-21a  

-
priate value for the latter parameter. For the enlarged Phase I reservoir, the 

the major reservoir growth produced by Run Segment 4, but before addi-
tional cooling had occurred). The most appropriate measure of this volume 
would be the integral mean volume, i.e., the 404 m3 shown in Table 4-3 for 
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the beginning of Run Segment 5. Although erratic during this run segment, 
this volume is still more appropriate for this purpose than the modal 
volume, which showed almost no increase between the beginning of Run 
Segment 4 and the early part of Run Segment 5 (even after the injection of 
over 2 million gal. of additional water, the modal volume increased only 
from 136 to 155 m3 3 and a 
porosity of 1.4 × 10-4, one obtains an estimated circulation-accessible rock 
volume of 2.9 million m3. 
 The second method is based on geometric and seismic information. In 
the case of the enlarged Phase I reservoir, only the height dimension of 
the circulation-accessible rock volume is reasonably well constrained—
the 950-ft (290-m) height from the EE-1 entrance at 9650 ft to the mean 
production interval in GT-2B at 8700 ft (Fig. 4-28). The low (1300-psi) 
reservoir pressure during Run Segment 5 produced few locatable signals—
only 11—which were clustered along a 650-ft-long region oriented a little 
east of north. Using a height of 950 ft, a length of 650 ft, and the 75-ft 
width of the cooled region shown in Fig. 4-28, one obtains an estimated 
circulation-accessible rock volume of 1.3 million m3 (46 million ft3)—less 

Geothermometer Measurements
The Run Segment 5 geothermometer measurements were adversely affected 

during Run Segments 2 and 3. Further evidence was obtained during Run 
Segment 4 and is shown in Fig. 4-35, which includes the rationale for and 
method used to calculate the temperatures of their entry points into GT-2B 

 
Run Segment 4). Note in particular the November 9 calculated point 

 
8660 ft—and would obviously have complicated the geochemical results, 

associated with these paths were very low (3 gpm or less), the anomalous 
temperatures shown in Fig. 4-35 are somewhat uncertain. 
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temperatures for Run Segment 5, compared with the measured outlet 
temperature of the reservoir. The discrepancy of about 30°C between these 
two kinds of measurements can probably be attributed to the one or more 

. . .
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Minerals, Gases, and the Geothermal Gradient

 As discussed in detail in Chapter 2, the environment deep beneath 

the eruption of the nearby Valles Caldera about 1 million years ago. 
No one disputes that the enhanced geothermal gradient at Fenton Hill 
results directly from the radial diffusion of heat from the caldera, a 
process that has been active over the past million or so years. (In 
fact, this elevated geothermal gradient is one of the main reasons for 

then follow that the outward radial diffusion of volcanically derived 

past 1 million years. 

which Don Brown selected Fenton Hill as the HDR site.) It should 
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system of sealed joints in the Precambrian basement at Fenton Hill 
is derived from the then-active volcano immediately to the east. (The 

a real headache! For example, because of the presence of dissolved 
2S]—a very poisonous, volcanically derived 

site had to be posted as hazardous and then monitored continuously 
during Phase II reservoir development and testing.) 

Geochemistry Results

dissolved species (silica, sodium, chloride, potassium, and boron) in the 
What is remarkable is the rapidity 

with which equilibrium was reached—for most of them, within 20 days 
after the start of circulation. Thereafter, for the rest of Run Segment 5, the 

temperatures (Figs. 4-33 and 4-34). This would suggest that the elevated—
but near-steady-state—species concentrations were strongly affected by 

system of semi-permeable joints in the seismic volume via one or more 

-

operation, during which some 250 000 gal. of fresh water was injected, 

-
tion curve, which after 10 days "snapped back" to 228 ppm, its value before 

equilibrium with rock at 195°C–198°C. The concentrations of boron, potas-
sium, sodium, and chloride were a little slower in returning to their previous 
values, suggesting that these were at least partially controlled by the concen-

circulation region. In addition to their inability to "rebound" as quickly 
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For example, there were no boron-containing minerals within the Phase I 

 At the time of Run Segments 4 and 5, a different theory was advanced by 
several HDR staff to explain the generally elevated species concentrations 

-

in the regions of the rock blocks adjacent to the joint surfaces within, and 

but still interconnected—microcracks17 in these rock blocks.) However, 
with the rock blocks of the "active" reservoir being  as they 

-
lating through the joint network.

the joints within the seismic reservoir volume had originated from the caldera 

during Run Segment 5. Such an explanation is supported by the chemical 

continuing high levels of dissolved CO2 (70%–80% of the gas fraction) and 

Stress-Unlocking Experiment
This experiment, known as the SUE, was designed primarily to determine 

enlisted for this purpose). The principal result of the SUE was a reduction 

to 7.8 psi/gpm.

 Note:

2450 psi and ending at about 2420 psi, the backpressure at GT-2B was 
held at 160 psi, then increased to 1480 psi (second and third stages). 
Next, the injection pressure was reduced to 1400 psi and the backpres-
sure at GT-2B returned to 160 psi (fourth stage). The result of this multi-

(from 19.7 psi/gpm to 13.1 psi/gpm, as shown in Table 4-2). But this 
achievement was largely unrecognized at that time. 

17The average porosity of the microcracks representative of the rock blocks within 
the circulation-accessible reservoir volume was measured as 10-4 (Simmons 
and Cooper, 1977).
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 The underlying rationale for the SUE was as follows: as the reservoir 
cooled during Run Segment 5, the individual rock blocks within the cooled 
reservoir region would have undergone thermal contraction but would have 

the reservoir pressure to a level above the least principal earth stress would 
have partially relieved these "locking forces," allowing for at least some 
movement (any movement would be along the joint surfaces bounding 
these blocks). 
 To best comprehend the SUE, one must understand the sequence of 
pumping operations (which well was being pressurized at a given time, and 
at what level). The experiment began on December 9, with injection into 
EE-1 for one hour at 5 BPM and a pressure of about 1200 psi. The injection 

two hours later throttled back somewhat (to 15 BPM) and maintained at 
that level for the rest of the EE-1 injection phase. During these variations in 

GT-2B was pressurized instead, at 10 BPM for just 25 minutes; during this 
brief time, the injection pressure at GT-2B increased from an initial shut-in 
value of 1700 psi to 1900 psi. This phase of the SUE had to be terminated 
prematurely because of excessive pump vibration.
 As shown in Fig. 4-38, seismicity during the SUE was modest until late 

the injection well—the condition under which previous reservoir stress 
measurements had been made. Because the least principal earth stress 
within the Phase I reservoir region was close to 1300 psi (see 

 above), the level of seismicity along the most 
favorably oriented joints within the cooled portion of the reservoir began 
increasing rapidly above this threshold. 
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 Figure 4-39 shows, in plan view, the seismicity produced during the brief 
SUE. Occurring mostly in the SE quadrant, these events were restricted to 
the cooled central portion of the reservoir and extended out no more than 
200 m—a pattern different from those seen during previous episodes of 
reservoir growth. For example, the seismicity produced during the very 
large injection of Run Segment 4 extended outward almost 800 m from 
the injection point (see Fig. 4-26). The seismicity during the SUE indeed 
appears to have resulted from a realignment of some of the rock blocks 
within the cooled portion of the active reservoir, when the reservoir pressure 
was increased enough to allow movement along the bounding joints. 
 When reservoir pressure during the SUE was further increased (ulti-
mately to 1900 psi, as measured at GT-2B), the rate of seismicity—still 
emanating from the thermally depleted central portion of the reservoir—
accelerated markedly. Although at least equal to the 20-events-per-minute 
average recorded near the end of the third stage of Run Segment 4 (at 
pressures above 2400 psi), it was still much lower than the seismicity 
produced during Expts. 203 and 195 (Fig. 4-25).
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 Radioactive tracer experiments were conducted both before the SUE and 
after it. The results are given in Table 4-5, for the integral mean and modal 
volume determinations.

Table 4-5. 3)
Tracer experiment Integral mean volume Modal volume
Pre-SUE (2 Dec 1980) 581 187
Post-SUE (12 Dec 1980) 1118 266
Increase (%) 92 42

 The changes in these volumes associated with the SUE are attributed to 
a rearrangement of the rock blocks in the cooled region of the reservoir, 
suggesting an overall increase in the joint apertures. As discussed earlier, 
the authors believe that the integral mean volumes represent the more real-
istic values; whether they in fact do cannot be proved, but no doubt the 
trends are valid. 
 Nor is it certain what actually caused the reduction in the overall reser-

shut-in pressure behavior at both wells indicates that the main factor was 
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a 43% reduction in the near-wellbore outlet impedance. This impedance, 
however, is the one that should have been least affected by the cooling of 
the reservoir and the concomitant shifting of the rock blocks.
 Following the SUE, steady-state operating conditions were re-established 
for another week. Final shut-down took place December 16, 1980. 

___________________________

 The Phase I reservoir was tested for over nine months at an average 
power level of 3 MWth. However, with only a modest change in operating 
conditions—i.e., the use of pumping equipment capable of higher pressures, 
to operate the reservoir at an injection pressure of 2400 psi and a backpres-
sure of 1400 psi—the power level of the HDR system could easily have been 
increased 50%, to 4 1/2 MWth, for at least 6 months. A high-backpressure 
operating scenario of this kind would prove to be very successful in the 
1990s, during the testing of the Phase II reservoir. 
 The seismic data used to define reservoir geometry during the various run 
segments were also used to evaluate the potential for seismic risks associated 
with HDR geothermal energy extraction. These data showed no evidence 
that Phase I reservoir development or testing presented any seismic hazard. 
The largest event detected by the downhole package during Run Segment 4 
had a magnitude of –1.5 on the extrapolated Richter scale, or an energy 
release roughly equivalent to that of a 10-kg mass dropped 3 m (10 ft). 
 Led by Hugh Murphy, a number of HDR staff lobbied the Laboratory for 
a continuation of Phase I reservoir testing during the time that the Phase II 
reservoir was being developed. However, Rod Spence, then the HDR Project 
Manager, decided to abandon the Phase I reservoir and to concentrate the 
staff's efforts on the deeper Phase II reservoir. Today, 31 years later, it is 
illuminating to read Hugh's comments on the subject (Dash et al., 1981): 

The summary of heat extraction tests in Run Segments 2 through 5. . . 
indicates that the. . .[reservoir is] of modest size. However, other indi-
cations, such as geochemical, microseismic, water losses, and venting 
volume measurements, suggest that the reservoir is potentially much 
larger. In particular, the microseismic data suggest that we have forced 
water, that is, gained access to distances very far from the injection well 
. . . .Furthermore, the microseismic data suggest that this larger poten-
tial reservoir is not planar, but highly jointed and multiply fractured, so 
that this potential reservoir, if sufficiently exploited, would represent a 
volumetric rather than an areal source of heat. 

 Although numerous problems and delays beset the development and 
testing of the Phase I reservoir, it must be remembered that this was the 
first-ever test of an HDR reservoir in deep, hot, crystalline rock. Most 
important is that the overall success of the endeavor represented the first 
true milestone in the establishment of a totally novel (and vast) renewable 
energy resource for the 21st century—not only for the United States, but for 
the entire world.
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Engineering the HDR 
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Testing of the Phase II 
Reservoir at Fenton Hill



Chapter 5
Planning and Drilling of the Phase II Boreholes
The Phase I reservoir at Fenton Hill, which extended over the approximate 
depth interval 8000–10 000 ft, had indeed demonstrated the technical feasibility 
of the HDR concept, but at a temperature (157°C) and thermal power (3 MW) 
lower than desirable for commercial power production. The Phase II reservoir 
was planned for development at a depth of 12 000–14 000 ft, to test the HDR 
concept at a temperature and rate of geoheat production more appropriate for 
a commercial power plant, and with a reservoir large enough to sustain a high 
level of thermal power for an extended period (at least 10 years). 
 To understand how and why the Phase II HDR system at Fenton Hill 
developed as it eventually did, one needs to realize that the planning for 
this system was a "work in progress" from about mid 1979 through mid 
1982. Its evolution was driven by the continually changing demands of 
the ongoing work at Fenton Hill; by the varying levels of funding from the  
U. S. Department of Energy (DOE); and by the political and technical cross-
currents among DOE personnel, Laboratory staff, and those managing the 
HDR Program at Los Alamos. 

Phase I reservoir, the (still evolving) plan for the Phase II system called for 
the drilling of only one new borehole, EE-2. This new borehole would be 
used as the Phase II injection well, while one of the existing Phase I wells—
probably GT-2—would be deepened to serve as the production well for the 
deeper and hotter system.

"This new well, EE-2, will be drilled to a total depth corresponding 
to a bottom-hole temperature of at least 275°C. We intend to create 
the new [HDR] system . . . with a heat-production capability of about 
20 MWt. Further, we will use this system to demonstrate extended 
reservoir lifetime. . .for a [thermal] drawdown that will not exceed 
20% in 10 years of operation." (HDR, 1979) 

 The principal objective of the drilling program for EE-2 was to gain access 
to a large volume of hot rock at depths of 12 000–14 000 ft for subsequent 
reservoir development. On the basis of temperature-gradient data from the 
deeper portions of GT-2 and EE-1, where bottom-hole temperatures were 
about 180°C, attaining the desired reservoir temperature of 275°C would 
require a TVD (true vertical depth) of about 14 000 ft (4300 m) for the new 
borehole. (As will be seen, this rock temperature would actually be reached 
at a TVD of only 12 700 ft [3870 m], because of the directional drilling 
of the EE-2 borehole toward the caldera; with the temperature gradient 
increasing with depth below about 6500 ft [2000 m], the bottom-hole temper-
ature at 14 405 ft, at the completion of drilling, would be about 317°C— 
considerably hotter than the original target temperature!) 

       237 
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 Only after the drilling of EE-2 was in process, later in 1979, did it 
become known that the following year would bring higher levels of funding 
to the HDR Program. With this news, the plan to deepen GT-2 (or possibly 
EE-1) was dropped in favor of drilling a second new borehole, EE-3—to 
be started immediately after the completion of EE-2: the drill rig would 
simply be skidded about 150 ft to the northwest. This decision was quite 
reasonable considering not only the small diameter of the casing in GT-2 

stimulated Phase I reservoir region, via the annulus above the cemented-in 
portion of the casing in EE-1, to the surface—in parallel with the produc-

The Phase II Development Plan

The development plan for the Phase II HDR reservoir is shown in Figs. 5-1 
and 5-2. The plan stipulated that the lower portions of the injection and 
production wells would be directionally drilled—which would be both 
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 The rationale for this plan was based on a critical, but nonetheless erro-
neous, assumption (later referred to as the ): that the 
continuous, near-vertical, northwest-striking principal joints observed in 
the Phase I reservoir region between about 8000 and 10 000 ft (2440 and 
3050 m)—see Chapter 4, Fig. 4-28—would also be present some 4000 ft 
deeper into the structurally complex Precambrian basement  would 
control the development of the Phase II reservoir. The plan called for 
drilling EE-2 and EE-3 vertically to a depth of about 6500 ft (2000 m) and 
then directionally toward the east (that is, roughly across the strike of the 
two principal vertical joints that had been pressure-opened in the Phase I 
reservoir). The lower portions of the two boreholes would be drilled to 
position EE-3 directly above EE-2, with a vertical separation of about 

from the vertical, so that starting from the bottom of EE-2 and working 
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upward along the borehole, up to 12 intervals could be sequentially isolated 

pressurized to create a vertical "fracture" that would then be driven upward 
to intersect the EE-3 borehole. 
 However, it would turn out that the near-vertical, northwest-striking 
joints that had been opened as the principal joints in the Phase I reservoir 
region, although present in the Phase II reservoir region, were no longer 

These inclined joints were continuous and had much higher opening 
pressures (near 6400 psi [44 MPa], vs about 2200 psi [15 MPa] for the 
vertical joints). Thus, the pressures used to open the inclined joints within 
the Phase II reservoir would hyper-dilate the vertical joints, making them 

the vertical joints . (These conclusions were 

obtained during the development and testing of the Phase II reservoir.) It 

determine the geometry of the Phase II reservoir.1 
 Unfortunately, the Phase II reservoir would develop in roughly the same 
direction as the inclined portions of the two boreholes (i.e., with an east-
ward inclination of about 60°). The resulting geometry would be that of a 
thin ellipsoid tilted to the east, its greater dimensions in the north–south and 
inclined directions and its smallest dimension in the direction from EE-2 
toward EE-3. Such a geometry was the worst possible one for trying to 
connect EE-2 to EE-3 by hydraulic fracturing. 
 In addition, owing to the credence given the erroneous underlying 
"Phase II assumption," during the two years of Phase II drilling consider-

in individual vertical "fractures"—so that no single one would over-cool, 

short-circuiting in a parallel-channel HDR system).
 Construction of the larger, deeper, and hotter Phase II HDR system was 
initiated in 1979. The EE-2 and EE-3 boreholes would be drilled from  
locations about 150 ft (50 m) apart at the surface to approximate TVDs, 
respectively, of 14 000 ft (4300 m) and 13 000 ft (4000 m).

1Even though the two reservoirs were separated by only about 600 ft (the bottom 
of the Phase I reservoir being at about 10 400 ft and the upper extent of the  
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Planning and Drilling of the EE-2 Borehole

In October 1978, a detailed plan for the drilling of EE-2, the intended injec-
tion well for the Phase II HDR system at Fenton Hill, was submitted to 
Los Alamos National Laboratory by Grace, Shursen, Moore & Associates of 
Amarillo, Texas. The drilling plan included wellhead sketches and detailed 

and pressure-control equipment. 
 For any directional drilling required at depths shallower than 9800 ft 
(3000 m), where temperatures are below 200°C, a downhole positive-
displacement motor (PDM) would be used. The bit rpm for this type of 

directional drilling engineers, which means that the direction of drilling 
can in most cases be controlled by single-shot surveying between motor 
runs—obviating the need for the much more expensive, continuous-readout 
surveying provided by downhole steering tools. 
 Because PDMs have temperature-sensitive elastomer stators and radial 
bearings that do not withstand temperatures higher than about 200°C, they 

deeper drilling, two specially designed high-temperature turbodrills were 
purchased. Developed jointly by Los Alamos National Laboratory and 
Maurer Engineering, Inc. of Houston, Texas, these 7 3/4-in. (197-mm) 

(to the extent possible with a turbodrill) the rpm, torque, bit weight, and 
power capacity required to drill granitic rock with the conventional rock 
bits selected for use at Fenton Hill. However, because the turbodrills rotate 
at very high speeds (250–400 rpm), it was expected that using them with 
tungsten-carbide-insert (TCI) rock bits—which are typically rotated at 
40–60 rpm—would wear the bits down much faster and shorten their life.
 During drilling below 11 000 ft (3350 m), a core would be taken approxi-
mately every 600 ft as a means of gaining additional information about the 
reservoir region. 
 In early 1979, expecting that the substantial increase in drilling activity 

the Laboratory solicited bids from more than 30 contractors. Bids were 
received from three of these. The selected contractor was the Brinkerhoff-
Signal Drilling Company (a division of Petrolane Corporation). Before the 
drill rig was mobilized at EE-2, a 28 1/2-in. conductor pipe was installed in 
a 76-in.-diameter, 83-ft-deep bored hole2 and concreted in place—except 
for the top 2 ft, which would serve as a cellar. 
2

bushing after completion of the borehole.
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 Because of the complexities involved in drilling deep, hot, and—worse—
deviated holes, Grace, Shursen, Moore & Associates was awarded a 
purchase order contract to provide continuous on-site supervision. Whereas 
drilling engineers from the Laboratory had supervised the Phase I drilling, 
now contract drilling engineers (with some assistance from Laboratory 
engineers) were to direct the operation of the drill rig and the work of the 
crews. As will be seen, this decision would turn out to be an unfortunate one. 
In addition, the contract supervisors would be responsible for coordinating 

management duties were generally carried out on a rotating basis by two 
drilling engineers, with a third available for occasional relief duty. 
 The information on the drilling of the EE-2 borehole is drawn largely 
from Helmick et al., 1982. 

Drilling in the Volcanic Rocks 
The drilling of EE-2 began on April 3, 1979 (Fig. 5-3 shows the Brinkerhoff-
Signal rig No. 56 in operation). Penetration of the 460 ft (140 m) of Bandelier 
Tuff, for which a 26-in. (660-mm) bit was employed, presented no problems 
and was completed in two days. 

Fig. 5-3. The EE-2 drilling location, viewed to the east, in the spring of 
1979. The heat exchanger, the tower over GT-2, and the numerous trailers, 

reservoir are visible behind and to the right of EE-2. 
Source: HDR Project photo archives 
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Drilling in the Paleozoic Rocks 
On April 6, at a depth of 460 ft,3 the Abo Formation (Permian red beds) was 
encountered. The borehole—despite "fanning" at a low bit load and a high 
rotational speed of 150 rpm—began to deviate from vertical and by 938 ft 
(286 m) had reached an inclination of 5°. A "hole-straightening" assembly 
was then used to drill the next 400+ ft. The Pennsylvanian-age shales and 
limestones of the Magdalena Group (Madera and Sandia formations) were 
penetrated on April 14, at a depth of 1250 ft (381 m); and by a depth of 
1342 ft (409 m) the hole had been brought back to 1.5° from vertical. 
Drilling then continued, with a 26-in. bit, through the Madera Formation to a 
depth of 1784 ft (544 m). Interbedded limestones and red, sandy-clay/shale 
units, ranging in thickness from 5 to 25 ft, were encountered throughout. 
(In this area, the contact between the Permean-age Abo Formation and the 

abundant than red clays and shales.) 
 On April 20, a string of 20-in.-diameter surface casing was run in to a 
depth of 1783 ft (543 m)—unusually deep for surface casing, but the intent 
was to case off as much of the unstable Madera Formation as possible. 
(Because of the experience with the Phase I wells, it was expected that the 

The casing was then cemented to the surface. 
 Beginning on April 22, the cement was drilled out with a 17 1/2-in. 
(445-mm) bit, and drilling then continued below the casing at a rate of 
10–12 ft/h. Between the depths of 1883 and 1889 ft, approximately 630 gal. 

had previously been encountered in the drilling of the GT-2 and EE-1 

problems of borehole swelling and caving above the loss zone). Lost-circu-

the zone sealed off. Drilling continued steadily at 8–10 ft/h until circulation 
was lost again on April 26, at 2354 ft (717 m), in a cavernous section of 
limestone overlying the granitic basement.

 Note: It should be remembered that the static water level in the deep 
sedimentary rocks at Fenton Hill was about 1700 ft below the ground 
surface, which contributed to the severity of the lost-circulation problems. 

 Owing to the experience with the earlier boreholes, what was thought to 
be an appropriate course of action had been included in the drilling plan and 
was now implemented: supplemental water was immediately trucked onto 
the site so that drilling could continue despite the lost circulation. Referred 
to as "drilling without returns," this operation was an expensive one at 

3

which was 8720 ft (2660 m) above mean sea level. 
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Fenton Hill. Although an on-site water well had been drilled in 1976, this 
well—at a pumping rate of about 40 gpm—was able to provide only a 
fraction of the water required. Some water was available from La Cueva, 
5 miles away, but most had to be hauled from Los Alamos, a distance of 
27 miles (45 km) over mountainous roads. In addition to the expense, 
the need to haul water slowed down the drilling process, the water being 
used at a much faster rate than it could be brought in. Equally impor-
tant, drilling without returns was very risky in that the cuttings could 
accumulate and become compacted around the upper part of the drilling 
assembly, which could then become stuck. Even though the stabilizers did 
become clogged with clay, the cavernous limestone section was penetrated 
quite rapidly, and without major problems, to the surface of the granitic  
basement at a depth of 2402 ft (732 m). 

Drilling in the Precambrian Crystalline (Plutonic and 
Metamorphic) Complex

Vertical Drilling
A 17 1/2-in., very hard formation bit was used to drill the uppermost part 
of the Precambrian basement rock; it achieved a rate of 7 to 12 ft/h, about 
the same as that in the Paleozoic limestones above. On April 28, at a total 
depth (TD) of 2593 ft (790 m), drilling was halted because of excessive 
pipe drag—which indicated tight spots (due to the squeezing of shale zones, 
mainly in the Madera Formation above 2050 ft). The EE-2 borehole would 
remain at this depth for the next eleven days. 
 The drilling plan called for running an intermediate string of 13 3/8-in. 
casing into the granitic basement, to stabilize and seal off the Paleozoic 
sedimentary rocks above the Precambrian surface. Before run-in of the 
casing, an attempt was made to seal off the bottom part of the Sandia Forma-
tion—the cavernous limestone interval on top of the Precambrian surface. 

the granitic basement (2593 ft up to 2402 ft); then 200 sacks of a cement 
mixture was pumped through open-ended drill pipe on top of the mud, in the 

part of the cavernous limestone. On April 29, while drill pipe was being 
run in the hole in preparation for drilling out the cement plug (which, it 

encountered at about 2063 ft, in the upper part of the Sandia Formation—in 
a zone of untreated clays in which hydration could not be prevented. With 

much too low to prevent it, the hydrating and swelling clays were being 
squeezed into the borehole, aggravating its instability. (Drilling-mud stabi-
lization could not be used, because drilling mud could not be retained in the 
hole.) Despite reaming, drilling, and washing to a depth of 2127 ft (648 m), 
the obstructions could not be adequately cleared. 
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 Finally, high-viscosity mud was used to stabilize the section of the hole 

the full drilled depth of 2593 ft (790 m). When no cement was found on top 
of the granitic rocks—as had happened during several similar cementing 
attempts in GT-2 at about the same depth—it should have been clear that 
the cement had been overdisplaced into the lost-circulation zone overlying 
the granitic surface. Nevertheless, preparations began to place a new cement 
plug so that the 13 3/8-in. intermediate casing could be run. This time a wad 
of burlap bags was set  the loss zone, at about 2450 ft (750 m), to keep 

section of the borehole below this depth. A 300-sack slurry of cement was 
pumped on top of the bags through open-ended drill pipe. 
 When EE-2 was re-entered on April 30, additional obstructions were 
encountered below 2230 ft (680 m), but as before, little or no cement was 
found. It was now obvious that pumping of cement—at a density almost 
twice that of water—from the surface into a very subhydrostatic loss zone 
essentially guarantees overdisplacement of the cement into the loss zone. 
Thus, cementing efforts were abandoned. But because of deteriorating hole 
conditions, trouble was anticipated in running the casing. A "Texas shoe"4 

was installed in place of the guide shoe at the bottom of the casing string. 
After the hole had been conditioned with high-viscosity mud, run-in of the 
13 3/8-in. casing began, aided by a casing power swivel. However, when 
the casing encountered severe obstructions and could not be rotated through 
them beyond approximately 2260 ft (690 m), there was no alternative but 
to withdraw the casing joint by joint and lay it back down on the racks—a 

in on drill pipe, and the hole was rapidly reamed again to a full 17 1/2-in. 
diameter. Time was now of the essence, because the clay intervals were 
continuing to hydrate, swell, and squeeze off the borehole.

run-in, each joint was measured and its length added to the running total (the 
nominal joint length of 40 ft could vary by up to two feet, plus or minus). 
But most unfortunately, as the driller was adding up the lengths—on paper, 

an error in addition of an even 100 ft (which should have been caught; an 
operation as critical as this one should have been double-checked by the 
contract drilling supervisor, who was not on site at the time!). This error 
would have severe repercussions for almost all the EE-2 drilling in the crys-
talline basement over the next eleven months. The immediate consequence 
was that the casing, while being run in at a rather good rate, came to a very 

4A "Texas shoe" is a cutting/drilling shoe. When rotated, it would allow the casing 
to cut and ream its way to bottom through the swelling Madera clay zones 
exposed below the 20-in. surface casing (which was set at 1783 ft). 
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abrupt stop at what the contract drillers thought to be a depth of only 2493 ft. 
In reality, the casing shoe was sitting on solid rock at the bottom of the 
hole, at a depth of 2593 ft! Believing that they had hit an obstruction, they 
made several attempts to get past this "obstruction" by running the casing 
harder and harder into the bottom of the hole—which "corkscrewed" and 
partially collapsed it. Finally, they had no choice but to cement the casing in 
place where it had landed. (The reports of the time erroneously state that the 
casing was cemented in at 2493 ft, 100 ft off bottom.)
 The plan for cementing the 13 3/8-in. casing string was devised on the 
basis of past experience with GT-2 and EE-1. Only the section of casing 
set into the granitic rock—that is, the section below the "vuggy limestone" 
loss zone at 2380 ft—was to be tag-cemented, because it was known that 
the cement would rise no higher in the annulus than this zone (owing to 
the difference in density between the cement and the water in the annulus, 

casing inside the 20-in. surface casing string, the annulus between the two 
would be cemented through an external packer/stage collar from about 
1785 ft to the surface. This stage collar had been inserted during run-in of 
the 13 3/8-in. casing string, such that it would end up at a depth of 1785 ft 
(544 m) when the bottom of the casing was at 2593 ft. The stage collar 
would then be very close to the bottom of the 20-in. casing, which had been 
set at 1783 ft—and that in fact was the case.
 Unfortunately, the tag-cementing job failed: when the wiper plug placed 
on top of the column of cement (to separate the cement from the displace-

failed to seal—allowing the cement to be overdisplaced into the brackish 

basement. (It is probable that the rubber seals on the plug were damaged 
by their passage across the rough, collapsed areas of casing above the 

bottom of the drill pipe. Once it had been set inside the casing at a depth 
of 2411 ft (735 m), cement was pumped down the drill pipe and through 

annulus outside the casing up to the loss zone, successfully completing 
the tag-cementing job. 
 The second stage of cementing was carried out next: the cement was 
pumped down the 13 3/8-in. casing, through the open stage collar at 1785 ft, 
and back to the surface through the annular space outside the casing. 
 On May 7, a 12 1/4-in. (311-mm) drilling assembly equipped with a TCI 
button bit was run into the hole; it encountered cement at a depth of 1740 ft 
(530 m), about 45 ft above the stage collar—precisely where the cement 

 have been encountered with the bottom of the casing at 2593 ft 
and the stage collar at 1785 ft, but 100 ft deeper than the contract drillers 
expected! The cement and cementing hardware left behind after the second 
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stage of cementing were drilled through, then the drilling assembly was 
lowered until it encountered the plugs and other hardware left inside the 
casing during the tag cementing. These too were drilled through. Finally, 
on May 8, drilling in the granitic rocks recommenced with a new bit, deep-
ening the hole by 26 ft, to a measured depth of 2619 ft. 

 On May 8, while drilling was proceeding at 2619 ft, the bit torqued up 
and had to be pulled. When inspection revealed that the inner sections of all 

magnet was run in to retrieve them. But the magnet could not be passed 
through an apparent obstruction in the casing at a depth of about 2390 ft 
(728 m), where it was known that a major cavernous region existed in the 
Sandia Formation. It can be inferred that over this depth interval, the bore-
hole had a much larger "diameter" than the drilled diameter of 17 1/2 in. 
 After the magnet had been withdrawn, a previously used 12 1/4-in. bit 
was run in to attempt to clear the "obstruction"—which, in reality, was 
simply one of the areas of bent and buckled casing. Still unaware of the true 
situation, the contract engineers then spent several hours attempting to ream 
through the "obstruction" with the used bit. Finally, circulation was lost. 
The reaming had succeeded in cutting through the casing, and as shown 

through a hole in the casing at about 2400 ft. 
 Next a second magnet, smaller in diameter (10 in.), was run in; but the  
9-in.-diameter, relatively stiff assembly of drill collars above the magnet 
could not pass through the badly contorted casing. A 12 1/8-in.-diameter 
swedge with jars, run in to try to open the restriction in the casing, encoun-
tered tight spots at 2380 ft (725 m) and 2420 ft (737 m). A near-full-diameter 
casing roller (but without the stiff drill collars) was then run in to 2465 ft 
(751 m), with very little resistance. The fact that a nearly full-diameter 
casing roller assembly—which is limber—was able to pass through when a 
9-in. drill collar assembly—which is longer and stiffer—could not, should 
have been a dead giveaway that the problem was collapsed casing (regard-
less of where the bottom of the casing was believed to have landed). 
 A series of logs done by Schlumberger on May 11 and 12 indicated breaks 
in the casing in the 2370- to 2390-ft and 2434- to 2468-ft depth intervals. 
Additional surveys were conducted over the next three days: temperature 
and spinner logging (Laboratory equipment), a McCullough casing inspec-
tion log, and Birdwell cement-bond and collar-locator logs. These surveys 
indicated damaged casing between 2380 and 2400 ft, buckled casing at 
2480 ft, and a gap or split at 2400 ft. Water was exiting through a hole in 
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the cavernous limestone region between 2354 and 2360 ft. (Note: one can 

no mention of it—the contract drilling supervisors were aware of the error 
made when the pipe lengths were added up, which had led to the severe 
damage of the casing. In particular, the collar-locator log, which would 
routinely have been run clear to bottom, would have shown the casing shoe 
at about 2590 ft, exactly where it should have been.) 
 On May 16, an attempt was made to seal off the lost-circulation zone 
outside the casing by cementing through the hole in the casing at 2380 ft. 
Three joints of open-ended drill pipe were run in through the blow-out 
preventor; then 400 sacks of Regulated Fill-up Cement (RFC) was pumped 
into the casing, followed by 1000 sacks of cement containing 40% sand; 
these materials were then displaced by 1850 gal. (7100 L) of water to effect 
a hydrostatic-pressure squeeze on the slurry (as if one could squeeze off a 
lost-circulation zone!). 
 When the drilling assembly was run back into EE-2, the cement was 
encountered at 1788 ft (545 m), and drilling through with a steel-toothed 
bit achieved full circulation (obviously, the cement had sealed the inside of 
the casing  the hole and splits). Then the bit ran into the same region 
of damaged casing at 2380 ft that had just been cemented. In an attempt to 
clear it, more reaming was carried out—which only damaged the casing 

with a magnet and junk basket, some 30 lb (14 kg) of metal fragments was 
recovered from the borehole.

began at a depth of 2405 ft (733 m), with a 12 1/4-in. bit. Almost immedi-

in the casing. (Clearly, the massive cementing operation of May 16 had 
failed to close off the cavernous lost-circulation zone in the limestone above 
the granitic basement—as had the previous multiple cementing operations 
attempted during the drilling of GT-2 and EE-1 in the Paleozoic sedimentary 
rocks.) The injection of some 15 000 gal. (57 000 L) of lost-circulation mate-

cones, and an additional 12 lb (5.4 kg) of metal cuttings was found in the 
junk basket. The tight section of casing between 2380 and 2410 ft (725 and 
735 m) was then milled, but when the next bit was run in to wash and clean 
the borehole below 2420 ft, circulation was lost twice—probably because 

severely underpressured loss zone in the Sandia limestone above. Circulation 
was restored once again by the addition of more lost-circulation material. 
 Shortly thereafter, circulation was lost again in the same region 
(ca. 2380 ft). Additional cement (300 sacks) was pumped through the hole 
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and/or splits in the casing into the cavernous limestone on top of the granitic 
surface, followed by 590 gal. (2300 L) of displacement water. The next day, 
the cement was drilled out to a depth of 2417 ft (737 m) with full returns. 

at about 1700 ft (500 m) below ground, a 4200-gal. (16 000-L) "pill" of 
high-viscosity lost-circulation material was pumped through open-ended drill 
pipe (run in to a depth of 1525 ft) and was followed by 600 sacks of cement. 
On May 28, drilling resumed and succeeded in deepening EE-2 by about 
22 ft, to 2641 ft (805 m); but then circulation was completely lost once more. 
 Yet another massive cementing operation was now decided upon. First, 
RFC (200 sacks) was pumped into the hole; it was followed by 1000 sacks 
of cement and then by another 1000 sacks of cement mixed with 400 sacks 

amounts, because the milling and cutting of the casing in several places 
had created new openings into the lost-circulation zone.) A steel-toothed 
bit was used to drill out the cement in the 1358- to 2391-ft (414- to 729-m) 
depth interval,  restoring full circulation. Over the next 16 days, new 
drilling in the basement rock deepened the hole by nearly 1700 ft (518 m), 
to 4340 ft (1323 m)—an average of just over 100 ft/day.
 On June 19, after eight hours of very rough drilling at about 4340 ft with 
essentially no penetration, the bit was withdrawn for examination. Two 
12-in. blades were missing from one of the blade stabilizers of the bottom-
hole assembly (BHA). After two retrieval attempts with a magnet, one of 
the blades was recovered, and a third attempt brought up several pounds 
of metal cuttings. When two further retrieval attempts produced nothing, a 
hard-formation bit was run in to crush the remains of the blade left in the 
hole. In the junk basket were found the badly worn ends of the blade, and 
one more pass with the magnet brought out the central piece.

 Note: When the original two boreholes, GT-2 and EE-1, were drilled 
under the direction of Laboratory personnel, more expensive roller stabi-
lizers were used instead of blade stabilizers. These were very effective and 

 On June 22, during drilling at a depth of 4362 ft (1330 m), circulation 
was completely lost once again. According to a Laboratory temperature 
survey, the problem zone was in the 1800- to 2400-ft (550- to 730-m) depth 
interval. A retrievable casing squeeze packer was run in on drill pipe to a 

the surface with water to maintain a backpressure on the packer. A quantity 
of RFC (200 sacks) was then pumped in below the packer and through the 
splits and holes in the 13 3/8-in. casing, followed by 500 sacks of cement. 
After the cement had set, the packer was retrieved and the residual cement 
was drilled out. 
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 Three days of steady drilling began June 25, with full returns. With the 
hole depth now at 4855 ft (1480 m), a Maurer turbodrill was employed 

115°C. Driving a Security H-100 bit (a TCI button bit designed for drilling 
extremely hard rock), the turbodrill deepened the hole 57 ft, to 4912 ft, in 
3h 45 min.—an average of 15.2 ft/h. In contrast, the previous conventional 
(rotary) drilling run with a comparable 12 1/4-in. button bit, had drilled 
493 ft of hole in just over 53 h—an average of 9.2 ft/h. 
 As drilling progressed in the crystalline basement, the deviation of the 
hole had been gradually increasing to the west, reaching an inclination from 
vertical of 6° by 4870 ft (1484 m). (Note: EE-2 was surveyed periodically, 

these surveys were done with an Eastman Whipstock magnetic, single-shot 
survey tool run on a wireline.) Drilling over the next seven days—through 
July 7—was steady, with only minor problems, and deepened the hole to 
6492 ft (1979 m).

A Last-Minute Change in the Planned Drilling Direction

 As outlined above, the Phase II reservoir development plan called for 
drilling the EE-2 and EE-3 boreholes directionally across (orthogonal 
to) the strike of the two principal joints opened by pressurization of EE-1 
during the development of the Phase I reservoir. These joints exhibited a 
roughly N55W strike (Fig. 4-28), meaning that the azimuth of the direc-
tionally drilled portion of EE-2  N35E. However, in a 
last-minute revision to the drilling plan, the azimuth for the last 3000 ft 
of directional drilling was inexplicably changed to N70E. 
 This new azimuth would be roughly orthogonal to the array of joints 
stimulated during Expts. 203 and 195 (mid March 1979), and it is 
possible that the change in plan was based on the seismic results of 
those experiments (see Chapter 4, Fig. 4-20). The drilling plan for EE-2 
produced by Grace, Shursen, Moore & Associates in 1978 (reproduced 

direction of N45E. This direction was reiterated in the 1980 Annual 
Report (as ". . .in a northeasterly direction, approximately perpendicular 
to the northwesterly strike expected of the hydraulic fractures"). There 
is no information in the reports of the time explaining how or why the 
change to a N70E direction came about. 
 Because of the tendency of the borehole to drift northward, the 
major consequence of the change in azimuth to N70E was that the 
Maurer turbodrill had to be used repeatedly to turn the borehole back 
toward the east. The high rotational speeds of the turbodrills meant
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Directional Drilling 
At the new TD of 6492 ft, the trajectory of the EE-2 borehole was S77W, 
5 1/2°. Because the azimuth was about 180° from the newly mandated one 

toward the north and then around toward the east.
 The directional-drilling strategy for EE-2 was to alternate runs of a 
downhole motor guided by a steering tool (which primarily changes the 
azimuth of the borehole) with runs of a rotary drilling assembly (which 
primarily deepens the hole while maintaining or perhaps increasing the 
inclination and, secondarily, eases tight zones and/or reams out sections left 
undergauge by the turbodrill). Once the borehole inclination had reached 
about 35°, rotary drilling with a "stiff" angle-maintaining assembly would 
be used to deepen the borehole without changing the azimuth.

wireline-guided Directional Orientation Tool (DOT) was used to control the 
direction. But the DOT was plagued by intermittent signal losses, and the 
hole direction had to be checked every 60 to 90 ft with a single-shot tool. 
 The PDMs—Dyna-Drill and Baker—used for directional drilling proved 
to be quite successful at this depth and temperature (130°C). Between motor 
runs with the directional-drilling equipment, the hole was reamed and deep-
ened with stiff rotary drilling assemblies to maintain inclination and azimuth. 
By July 15, the hole had been deepened to 6818 ft (2078 m); its trajectory 
was now N37W, 4 3/4°, representing a change in direction of 66°. 
  By July 18, another motor run had increased the hole depth to 7184 ft 
(2190 m) and rotated the borehole an additional 76°, to N39E at an inclina-

-
blies were used to deepen the hole another 1020 ft, to 8204 ft (2501 m). The 
inclination was increased at a rate of just over 1° per 100 ft, but the azimuth 
of the hole was now drifting back to the north (from N40E to N13E). In an 

faster drilling rates, but also very severe gauge wear on the bits; the 
drilling runs were therefore very short, averaging about 60 ft. In addi-
tion, each turbodrilled interval had to be reamed with a conventional 
drilling assembly, which added considerably to the cost and complexity 
of the directional drilling. Nevertheless, the N70E azimuth would be 
maintained or even exceeded during most of the directional drilling 
of EE-2 (reaching almost N80E below 14 000 ft). Later, this N70E 
azimuth would be maintained for the directional drilling of EE-3. 
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attempt to correct this drift, a Dyna-Drill motor was employed again, but 
after drilling had progressed just 22 ft, the motor failed. The temperature at 
this depth was about 140°C. 
 Directional drilling with the turbodrills and the Eastman Whipstock DOT 
continued through August, with numerous interruptions for reaming and for 
repairing small washouts at drill-pipe tool joints. By August 14, with the 
hole depth at 9082 ft (2768 m), the inclination had been increased to 15° 
and the direction corrected to N34E. At this point, the poorly performing 
Eastman Whipstock DOT was replaced with a Sperry-Sun "Hades" wireline 
directional tool; but this tool did not operate well in the very high downhole 
temperatures either, and three of them failed in succession. The remaining 

EYE tool; by monitoring the orientation setting and progress of the down-
hole motor, this tool enabled better control of the trajectory. (Note: most 
of the directional drilling still lay ahead, and at ever-increasing downhole 
temperatures.) 
 For the next stretch of directional drilling (684 ft), which ended on 

 
with rotary reaming and drilling runs, in an attempt to control the borehole 
trajectory. But even with the EYE tool, the net result was that the inclination 
of the hole  by 3° (to 12°), while the azimuth "bounced around" 
but ended up somewhat increased (by 8°), to N42E, at a depth of 9766 ft. 
 By September 9, the depth of the hole had reached 9917 ft (3023 m), and 
two runs with a Baker PDM (also guided by the EYE tool) had increased the 
inclination of the hole from 12° to 16 1/4° and turned the azimuth farther 
to the east, to N59E. Although by now the bottom-hole temperature had 
increased to about 180°C, a poor Maurer turbodrill run (which managed to 
drill only 20 ft) led the drilling supervisors to return to the Baker PDM. In 
spite of the temperatures, the Baker motor was able to drill 63 ft—at least 
partially dispelling the notion that these PDMs were inferior to the Maurer 
turbodrill in all high-temperature conditions. 
 By September 12, three more Maurer turbodrill runs had increased 
the hole depth to 10 035 ft (and dropped the inclination back slightly, to 
15 1/2°). While the region near the bottom of the hole was being rotary-
reamed (always a necessity following Maurer turbodrill runs), circulation 
was lost. The drill pipe was immediately withdrawn, and the lost-circulation 

damaged casing between 1800 and 2000 ft. A caliper log revealed that there 
was a new break in the 13 3/8-in. casing at a depth of approximately 1800 ft. 
A mixture of 200 sacks of cement with additions of Gilsonite (12.5%) and 

of open-ended drill pipe. The mixture was followed, half an hour later, by an 
additional 400 sacks of cement—but this time, the cement was not followed 
by displacement water. The top of the cement plug was encountered at a 
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depth of 1380 ft (421 m); when the plug had been drilled through, its lower 
end was measured at 1865 ft (568 m), indicating that the amount of cement 
retained within the casing was about 250 sacks (the remaining 350 sacks 
would have gone into the lost-circulation zone below).
 Further rotary drilling on September 15 succeeded in deepening the hole, 
but by only 32 ft—to 10 067 ft (3068 m)—and the bit was now showing signs 
of being plugged. Drilling was halted, and during an attempt to clear the plug, 
the drill pipe parted at a depth of 4549 ft (1387 m). Dia-Log, Inc., of Odessa, 
TX, was called out for free-point determinations and break-out services. After 
several back-off attempts, the upper part of the drill string was unscrewed at 
a depth of 6510 ft (1980 m) and removed from the hole. One more back-off 
then succeeded in unscrewing and removing an additional 3100 ft of the drill 
string, clearing the borehole down to 9612 ft (2930 m). 

of the hole of drill pipe and the stuck BHA. During this period, 8000 ft of 
wireline was also lost in the hole. An attempt to retrieve the wireline with 
"spaghetti pipe" ended when the spaghetti pipe itself broke downhole. These 

the drill pipe broke in the hole several more times. At last, on October 6, 
Dailey jars set for 90 000 lbf were used to remove the stuck BHA.

angle-building rotary drilling assembly was employed to drill 366 ft 
(112 m) of new hole, to a depth of 10 433 ft. In the course of drilling, the 
inclination of the hole was increased from 15 1/2° to 17° in a N77E direc-
tion. The Maurer turbodrill, with the EYE tool, was then used to deepen the 
hole another 119 ft (to 10 552 ft) and to increase the inclination to 21° while 
decreasing the azimuth by 7° (to N70E). 
 After the hole had been reamed, rotary drilling recommenced on October 14 
with a more "limber" BHA that incorporated smaller-diameter drill collars 
(6 5/8 in. in place of 8 in.). This assembly proved to be much more successful 
in building hole angle. Over the next 24 days, the hole was deepened by 
1024 ft, to 11 576 ft (3528 m), while its inclination was increased from 21° 
to 34 1/2°, very close to the target inclination of 35°. By now, the azimuth of 
the hole had drifted back toward the north by 23°, to N54E. 

Borehole-Reduction Drilling, Coring Runs, and Attempt to Repair 
the 13 3/8-in. Casing
On November 7, 1979, drilling began to reduce the 12 1/4-in. borehole to 

with an 11-in. (280-mm) bit, and then to 11 616 ft with a 9 5/8-in. (244-mm) 
bit. Finally, the hole was drilled ahead 118 ft (to a depth of 11 734 ft) with 
an 8 3/4-in. bit. A 7 7/8-in. STC Stratapax core bit (pictured in Chapter 4, 
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 A length of core measuring approximately 4 ft (1.2 m) and having a 
diameter of 3 in. (7.6 cm) was obtained from the 11 734- to 11 743-ft (3577- 
to 3579-m) depth interval. Drilling with 8 3/4-in. bits then continued for the 
next nine days (interrupted by frequent on-bottom milling and by magnet 
runs to retrieve lost bit cones and pieces of the 13 3/8-in. casing that had 
fallen down the hole). Surveying at a depth of 12 266 ft (3739 m) showed a 
hole trajectory of N59E, 35°. 
 The second coring run took place on November 20, between 12 266 

a core; the selected device was an Eastman Whipstock core-orienting tool 

was pulled after only 10 ft of coring; even so, the "temperature-hardened" 

blackened and thus yielded no orientation information. In addition, no core 
was recovered (the cuttings indicated that the zone in which coring had been 
attempted was highly jointed). On November 26, after four rotary drilling 
runs had deepened the hole by 572 ft, the third coring operation recovered 
8 ft of core between 12 848 and 12 856 ft. 
 Drilling with 8 3/4-in. bits continued for another 11 days, but considerable 
reaming and working of the drill string was needed to keep its pulling force 
below an acceptable limit (400 000 lb). On December 2, all the standard drill 
collars (except the nonmagnetic Monel collar)—weighing a total of some 
30 000 lb—were removed from the BHA to reduce downhole torque and 
drag. The BHA then consisted of a bit, a junk basket, a 6-point roller reamer, a 
3-point roller reamer, a short drill collar, a second 3-point roller reamer, the 
Monel collar, and a third 3-point roller reamer; above the BHA were nine 
joints of heavy-weight drill pipe (HWDP), a jar, and two more joints of 
HWDP. To reduce hole drag, the Baroid friction-reducing agent Torq-Trim II, 

approximately 125 gal. [475 L] /day) for the remainder of the drilling. 
 The fourth core was cut on December 8, between 13 454 and 13 464 ft 
(4101 and 4104 m). In the course of further drilling, numerous magnetic 
single-shot survey attempts either yielded no picture or ended with the tool 
stuck in the pipe. On December 12, drilling was suspended at a depth of 
13 657 ft (4162 m) so that extensive reaming operations could be carried 
out to try to reduce hole drag. A reamer assembly, consisting of a bit and a 
string reamer, was run in to ream out doglegs present at depths of 3050 ft 
(930 m), 6600 ft (2010 m), and 6900 ft (2100 m). During this time, the 
drill string was inspected (by Tuboscope Inspection Service) and the tool 
joints on the drill pipe were hard-banded. Rotary drilling of the 8 3/4-in. 
hole recommenced on December 20 and reached a depth of 13 955 ft 
(4253 m)—298 ft in 22 hours, for an average penetration rate of 13 1/2 ft/h! 
(To this day, this is an outstanding performance for a TCI bit drilling in 
granitic rock.) The trajectory of the hole at this depth was N74E, 35°. 
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 Note: Eight months later, temperature measurements would show that 
at a hole depth of just 12 700 ft, the actual formation temperature already 
exceeded the target temperature of 275°C. Unfortunately, no diagnostic 
temperature measurements were done in late 1979, even with the hole TD 
now close to 14 000 ft. Had they been done, it would have been clear that 
all the objectives of the EE-2 portion of the Phase II reservoir develop-
ment plan had essentially been met. The 9 5/8-in. casing string could have 
been run at this time (December 20, 1979), to isolate the projected reser-
voir interval below 11 500 ft (3500 m) from all the region above, and the 
job would have been done! More than four months of time and well over 

saved—as would the cost of an additional 4 1/2 months of support provided 
by the Laboratory's Borehole Instrumentation Group (for temperature and 
TV surveys as well as numerous other site support activities).

to the new TD. While the coring assembly was being washed to bottom, a 
90% loss of returns occurred, which then gradually dropped below 30%. 
It was decided to continue the coring run and to later do a temperature 

the damaged region of the 13 3/8-in casing). A 7 1/2-ft length of core was 
obtained between 13 955 and 13 963 ft (4253 and 4256 m). 

occurring at a depth of about 2375 ft (724 m). The next day, while the drill 
pipe was being run in (in preparation for cementing operations), an obstruc-
tion was encountered at 1762 ft (537 m) in the 13 3/8-in. casing string. An 

below that depth had suffered further damage. 
 The next three months turned into an absolute driller's nightmare. The 
collapsed 13 3/8-in. casing string, with its multiple tears and holes, was 

repeatedly disappearing through breaks in the casing into the seemingly 
boundless lost-circulation zone just above the Precambrian basement. 
Attempt after attempt to repair the casing, undertaken concurrently with 

more frustration than success. The major "weapon" being used to combat 

close off the lost-circulation zone. These involved a wide variety of cement 
formulations and approaches—all of which turned out to be futile (in terms 
of stopping the losses for more than just a few days). The eventual total 
of 22 remedial cementing jobs took 6600 sacks of cement, equivalent in 
volume to more than 10 000 ft3. 
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 Multiple operations were carried out in an attempt to open up the 
collapsed casing: numerous runs with casing rollers or string reamers, 

interspersed with magnet runs to collect the accumulated metal pieces and 
grindings. A wireline video camera was used to survey the damaged casing 
at critical points, and when larger tools would not pass through restricted 
areas of casing, lead impression blocks were run in on drill pipe to assess 
the nature of the blockage. 
 That the casing was continuing to deteriorate was clearly illustrated by 

"obstruction" at 1792 ft was in reality a large split, where the casing was 
folded inward like the lid of a tin can. Above this zone of split casing, in the 
1762- to 1783-ft depth interval, the video camera also observed numerous 
smaller splits (ranging from about 1/4 in. to 3 in. wide), through which 
rubble could be seen behind the casing. Then, on January 6, 1980, just a 
week after the camera had been lowered to 1793 ft, another camera run 
could not progress beyond 1771 ft, at which depth new damage—jagged 
pieces of metal—could be seen. 
 On February 1, a 12 1/4-in. combination mill-and-swedge assembly was 
successfully worked through the damaged casing. It was then used to clean 
the open-hole portion of the borehole all the way down to 9100 ft (2790 m), 
clearing it of the debris that had fallen down the hole during the many casing 
repair operations (the mill-and-swedge assembly probably just pushed much 
of the accumulated debris ahead of it). On February 7, while the section of 
the borehole below 11 000 ft was being cleaned of debris, circulation was 
again lost through the damaged 13 3/8-in. casing at a depth of about 2350 ft. 
Another month and a half of cementing attempts, interspersed with milling, 
reaming, and swedging operations, ensued. Finally, on March 22, after three 
months of agony, frustration, and expense, the contract drilling supervi-
sors decided to abandon further efforts to seal off the cuts and splits in the  
13 3/8-in. casing and to run the 9 5/8-in. casing string as soon as possible to 
save the hole!

Running and Cementing of the 9 5/8-in. Casing
The borehole would need to undergo an extensive cooldown before the 
casing could be run, which would require large amounts of water (owing 

granitic basement). The water was hauled to the site by truck, at that time 
the only way to obtain such large amounts. A 12 1/4-in. bit was run in on 
the 5-in. drill pipe, then cooldown pumping began and continued at a rate 
of approximately 800 gpm (50 L/s) for three days, after which the drill pipe 
was withdrawn. On March 28, the 9 5/8-in. production casing was run in to 
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the setting depth of 11 578 ft (11 351 ft TVD).5 Cooling water was again 
pumped down and around the casing, at rates of 500–800 gpm (31–50 L/s), 
for another four days.
 The original drilling plan called for cementing the 9 5/8-in. casing to the 
surface in four stages, to limit the external pressure that would be exerted 
against it (a full 11 578-ft column of cement outside the casing, at a density 
of about 2 g/cc, would exert a pressure of about 5000 psi (34.5 MPa)—

(hydraulic fracturing) of the rock mass near the bottom of the borehole. 
For this reason, three stage collars were to be placed in the casing string, 
at about 8000 ft (2440 m), 5000 ft (1520 m), and 2000 ft (610 m). At the 
last moment, however, the plan was considerably revised: not only was 
the drilling of EE-2 now far over-budget, but it was becoming clear that 

originally thought. In particular, the cementing job planned for the section 
of hole above the stage collar at 2000 ft would not work at all because of the 
numerous holes in the surrounding 13 3/8-in. casing, which opened directly 
into the massive loss zone beyond. Given these considerations, the deci-
sion was made to tag-cement only about the bottom 1000 ft (300 m) of the 
casing, leaving the remainder of the annular space (between the top of the 

 The tag-cementing job began with the pumping of 13 700 gal. of a heavy, 
barite-loaded mud (having a density of about 2 g/cc) down the casing to 
stabilize the open hole below the casing shoe and to prevent the cement 

200 gal. of water. Then the bottom wiper plug was dropped, and a slurry 

was released and displaced with water to the bottom of the casing. It landed 

the tag cementing, the drill string was run in open-ended to just above the 

water was circulated down the drill pipe and up the annulus between the 
drill pipe and the casing, at 200 gpm (13 L/s). 
 On April 3, a Dia-Log caliper log was run to a depth of 11 493 ft (3504 m) 
to obtain baseline measurements of the diameter of the production casing. 
After rubber protectors had been installed on the drill-pipe tool joints to 

plugs were drilled out and work began to drill up/mill up the considerable 
debris left in the hole below the casing setting depth of 11 578 ft. 

5This depth was selected to coincide with that of the ledge formed when the 12 1/4-in.-
diameter hole was reduced to 11 in. in diameter (November 7, 1979—see above). 
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Final Drilling
Milling and cleaning of the hole to TD continued until April 24, 1980, when 

from the previous TD of 13 963 ft (4256 m) to 14 501 ft (4420 m). The next 
day the sixth coring run took place: a 7 7/8-in. core bit was used to retrieve 
approximately 3 ft of core from the depth interval 14 501–14 504 ft. An 
Eastman Whipstock magnetic multishot tool having a wireline insertion 
and recovery mechanism was also used during this run, in a second attempt 
to obtain oriented core. But the overshot grapple on the wireline came 
unscrewed during insertion, making early recovery impossible. When 
the tool was withdrawn with the bit, it was found that excessive heat had 

coring run, the borehole was deepened to 14 962 ft—458 ft in 42 hours, for 
an average penetration rate of 10.9 ft/h. 
 On May 6 the crew recovered 2 ft (0.6 m) of core from the depth interval 
14 962–14 966 ft. Then, with only one additional drilling run needed to 
complete EE-2 to its target depth, the newly developed STC 8 3/4-in., 7GA 

which took just 22 1/2 hours—an outstanding penetration rate of 13.6 ft/h.

 Note: It turned out that none of the seven EE-2 coring runs (one of which 

to further develop the HDR concept. The money and effort could have been 
better spent in other ways.

 Two very brief turbodrill runs on May 12 (test runs of the smaller, 
5 3/8-in. [137-mm] Maurer turbodrill) then deepened the hole by another 

TVD of 14 405 ft (4391 m). An Eastman Whipstock magnetic single-shot 

even farther to the east than the intended N70E azimuth. In August 1980, a 
gyroscopic survey was run by Sperry-Sun to check the cumulative trajec-
tory data obtained during drilling (Eastman Whipstock magnetic single-shot 
surveys). The results did corroborate the earlier ones: the two types of data 
coincided almost exactly.
 The borehole as completed is shown schematically in Fig. 5-4. The 
measured bottom-hole temperature was 317°C. 
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Fig. 5-4. Schematic diagram of the EE-2 borehole as completed. 
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Table 5-1 lists the time spent on each of the principal activities that took place 
during the drilling of EE-2 (as a percentage of the total time, 410 days). As 
can be seen, activities to remedy problems occupied 34.5% of the time, or 
141 days. Of course, not all of these problems were associated with direc-
tional drilling; but as explained earlier, that part of the drilling operation 
was based on the "Phase II assumption" (that the vertical joints stimulated 

reservoir region)—an assumption that would later prove wrong. In other 
words, in the time (and for the money) spent only on drilling problems, the 
entire EE-2 borehole could have been drilled vertically to 14 500 ft—which 

drilling of the lower part of EE-2 would not contribute in any way to the 
development of the Phase II reservoir, and would actually turn out to be an 
impediment.) 

Table 5-1. Time spent on principal activities during the drilling of EE-2
(410 elapsed days)
Activity Incremental time (%) Cumulative time (%)

Drilling-related 
   Drilling
   Tripping drill pipe
   Reaming
   Coring
   Directional drilling

15
24
5
0.5
1

45.5

Remedial operations related to
   Collapsed casing
   Fishing
   Lost circulation
   Failures of directional- 
   drilling tools 

 
23
8
2.5
1
    

34.5

Casing-related
   Running casing
   Circulating to cool
   Cementing

3
3
1  

7

Logging 3

Other activities 10
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 As shown in Figs. 5-5 and 5-6 (plan and sectional views), EE-2 was 

instead of the target 14 000 ft), and the bottom-hole temperature was 
higher (317°C, instead of the target 275°C). As mentioned earlier, it is 
puzzling why drilling was not stopped months sooner (in late December), 
at a borehole depth just shy of 14 000 ft and a rock temperature well in 
excess of the 275°C objective! 
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Fig. 5-5. Plan view of the EE-2 borehole trajectory, based on data from 
a magnetic multishot survey following completion of the borehole.  
Adapted from Helmick et al., 1982
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Adapted from Helmick et al., 1982 

Equipment and Materials: Performance in the  
EE-2 Borehole

Drilling Fluids

the two boreholes drilled earlier at Fenton Hill: bentonite mud with lost-
circulation additives for drilling in the volcanic and Paleozoic rocks, and 
water with moderate amounts of various corrosion- and friction-reducing 
additives for drilling the very hard rock of the crystalline basement. 
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Volcanic and Paleozoic Sedimentary Rocks
While the 26-in.- and 17 1/2-in.-diameter sections of the borehole were 

the red shales of the Abo and Madera formations. In the two previous bore-

drilling through these shales, to protect the walls of the borehole from water 
adsorption (and consequent hydration and swelling); but none were used 
in EE-2. No appreciable increases in natural mud solids or problems with 
wall instability were noted as a result of this omission (that is, until the 
later encounter with the massive lost-circulation zone, when the hole was 

control of the now-exposed clay sections of the Abo and Madera forma-
tions—see below). When the known lost-circulation zone at about 1900 ft 

great improvement over the previous lost-circulation episodes at about this 
depth in GT-2 and EE-1. 
 When the major lost-circulation zone—the cavernous limestone region 
in the lowermost part of the Sandia Formation just above the granitic base-
ment—was reached in late April 1979, the drilling supervisors resorted to 
drilling ahead without returns to a depth of 2593 ft (790 m). Over the next 
11 months (until the running and cementing of the 9 5/8-in. production 

were lost into the cavernous limestone, through the numerous cuts and 
splits that had developed in the collapsed 13 3/8-in. casing. Large amounts 
of supplemental water were of course needed during this period, and were 

not accurately recorded at the time—no doubt because of the severe drilling 

Precambrian Crystalline (Plutonic and Metamorphic) Rocks
Drilling of the Precambrian crystalline-complex rocks required a completely 

sedimentary rocks above. Problems associated with this major portion of 
the hole included extreme abrasiveness, extreme temperatures (as high as 
317°C), and occasional instability in some fractured zones. Below a depth 
of about 6500 ft (1980 m), directional drilling rotated the azimuth of the 
hole from west to almost due east and gradually increased the inclination 
from near vertical to 35° from vertical, which (in combination with the 

when circulation was completely lost into the cavernous limestone over-

had to be replaced.
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 When lost circulation was not a problem, and drilling was proceeding 

needed, and hence the cost. For example, the use of Torq-Trim II increased 

cut drilling torque almost in half (a number of twist-offs—parting or 
breaking of the drill pipe at tool joints—were attributable to a combination 

-
tive only at temperatures below 190°C; and large volumes—on the order of 

adequate cooling during its use. High temperatures caused the Torq-Trim 
to degrade into what became known as "black gunk," a very thick mixture 
of the "cooked" lubricant combined with drill cuttings (mostly sand) and 
other drilling residue, that was found coating the surfaces of the casing, of 
the open hole, and of logging tools and other instruments run into the hole. 
In addition, given the high torque and drag, minimizing corrosion-related 

oxygen scavenger and an organic descaler in combination with caustic soda, 
which maintained pH in the range of 9–10, kept corrosion well below the 
standard 2 lb/ft2/yr. Again because of the high temperatures, large volumes 

Bits Used in the Crystalline Basement Rocks
The 12 1/4-in.-diameter section of the EE-2 borehole in the basement rock 
(2593–11 576 ft) was drilled with TCI button bits, typically having sealed 
bearings. A 6-point TCI roller reamer was almost always positioned directly 
above the bit to maintain the gauge of the hole as the bit gauge wore down. 
(In addition, when an angle-maintaining rotary drilling assembly was being 
used, 6-point roller reamers were positioned within the drill collars.) Even 
so, the very abrasive drilling environment meant that bit life was typically 
shorter than under normal conditions. The performance of the TCI bits used 
with the Maurer turbodrills was predictably poor; at the turbodrills' much 
higher rotational speeds (350–500 rpm), gauge wear was severe and greatly 
reduced the useful life of the bits. 
 The 8 3/4-in.-diameter section of the borehole (11 616–15 289 ft) was also 
drilled with TCI button bits, along with 6-point TCI roller reamers to help 
maintain the gauge of the hole. This deeper section of EE-2 was drilled at an 
ever-increasing angle to the east, under the erroneous "Phase II assumption" 
that the hydraulic fractures created from this borehole would be essentially 
vertical, continuous, and striking approximately northwest. Thirty-one 
8 3/4-in. bits were used to drill this portion of EE-2, twenty of which were 
geothermal bits specially designed and manufactured by STC for drilling 
in hot, deep, granitic basement rocks. These TCI bits, Model 7GA, were 
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open-bearing (i.e., nonsealed, so that they could be cooled and lubricated 

effective than other then-available TCI bits were 
harder carbide buttons on the gauge row of the cones, 
hard facing for extra wear resistance on the structural members that 
anchor the cutting wheels, 
built-up wear pads and carbide inserts on the shanks, 
additional clearance in the open bearings to permit greater circulation 

 These features increased the life of the STC 7GA bits, one consequence 
of which was to reduce the number of times the BHA had to be withdrawn 
from the hole to replace a worn bit. This advantage alone more than offset 
the 10% higher cost of these bits. They became the preferred bit for all the 
deeper, hotter drilling at Fenton Hill. 
 The bit selected for coring in EE-2 was the STC hybrid roller-cone  

that had been used for coring in GT-2 and EE-1 gave fair results in both core 
recovery and bit life, but only at moderate depths and lower temperatures; 
and the diamond-core bits that had been tried, while yielding good core, 
were too costly for extensive use because of their extremely short bit life—
typically only about 5 hours, translating to less than 5 ft of core at a cost of 

outer diameter and a 3-in. inner diameter (i.e., cores cut with this bit would 
have a 3-in. diameter); it incorporated four cones with TCI buttons and four 
(instead of the prototype six) polycrystalline-diamond cutter pads mounted 
on tungsten-carbide pedestals. The bit was used with a 15-ft (4.6-m)-long 
Hycalog core barrel having an outer diameter of 6 1/4 in. 
 Rotational speeds during coring ranged from 35 to 50 rpm and bit weights 
from 10 000 to 20 000 lb. A bit was replaced when its penetration rate 

core bits was evaluated by STC after use in EE-2. The overall appearance 
of the cutting elements was very good, according to STC, with no excessive 
wear noted. The bits used for coring runs 1 and 3 could have been reused 
by replacing the polycrystalline-diamond cutter pads and the pedestals; the 
bit from Run 2 was in good enough condition to be reused in Run 7; and the 
bit from Run 5, also in good condition, was reused for Run 6 (during which 
the pedestals broke off). Despite breakage of the Stratapax pedestals and 
wearing of the seals when exposed to higher-than-expected temperatures, 

future coring operations in abrasive crystalline rock.
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Directional Drilling Equipment

Motor-Driven Equipment
Table 5-2 gives particulars on the three types of downhole motors used for 
directional drilling in EE-2. 

Table 5-2. Downhole motors used in EE-2

Type
Diameter,
in. (mm)

Temperature
rating (°C)

Length,
ft (m) Supplier

PDM* 6 3/4 (170) ~175 20 (6.1) Baker Service, Houston, TX

PDM 7 3/4 (200) ~155 20 (6.1) Dyna-Drill,
Smith International, Irvine, CA

Turbodrill 7 3/4 (200) ~320 20.7 (6.3) Maurer Engineering, 
Houston, TX

*Postive-displacement motor
Source: Helmick et al., 1982

 The high-temperature turbodrill, which was developed jointly by  
Los Alamos and Maurer Engineering, Inc., of Houston, Texas, required the 
use of a steering tool. Of the three different types of steering tools tried in 

capability to perform reliably at temperatures above 200°C. Many of the 
failures of the other steering tools can be attributed to thermal degradation 
of the cablehead and wireline. 
 A turbine tachometer (rpm indicator) enabled the speed of the down-
hole motor to be determined from the surface: as the shaft of the turbine 
revolved, perturbations in the blades generated pressure pulses that were 

driving the tachometer. To improve the resolution of the pressure-pulse 

at the outlet of the triplex rig pumps. The transmission of vibrations 
and shock waves from the bit to the motor was attenuated by two high- 
temperature-rated shock absorbers.
 Other devices used to increase the effectiveness of the motor-driven 
equipment were a bent sub (1/2° to 2 1/2°) containing a latch-in orienting 
sleeve, which was included in the assembly just above the motor (to provide 
a directed side thrust to the bit); and a nonmagnetic drill collar (Monel) 
installed directly above the bent sub (to eliminate magnetic disturbance 
to the magnetometer of the steering tool from the steel in the parts of the 
assembly above and below the tool).
 Thirty-three motor-driven runs were made in EE-2 (Table 5-3). Of the 
three types of downhole motors used, the Maurer turbodrill demonstrated 
the greatest capability to operate in high-temperature downhole environ-
ments (Table 5-4). All of the PDMs suffered thermal degradation of the 
elastomer stators at temperatures approaching 200ºC.
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Table 5-3. Motor-driven directional drilling equipment:
Summary of performance in EE-2

Motor type
Number  
of runs

Average  
hours per run

Average 
footage per 
run, ft (m)

Average rate  
of penetration  
per run, ft/h (m/h)

Maurer turbodrill 21* 2.8 59.8 (18.2) 21.6 (6.6)
Dyna-Drill PDM 6 4.5 54.7 (16.7) 12.3 (3.7)
Baker PDM 4 7.8 48.8 (14.8) 6.2 (1.9)

* Does not include two short test runs of the smaller (5 3/8-in. [137-mm]) Maurer turbodrill at 
the bottom of the hole.
Source: Helmick et al., 1982

Table 5-4. Typical performance of Maurer high-temperature turbodrill 
(7 3/4-in.-diameter) in EE-2 
Date October 12–13, 1979
Depth interval 10 433–10 552 ft (3180–3216 m)
Drilling footage 119 ft (36 m) 
Formation temperature 230°C
Shock absorber None
Bit 12 1/4-in. STC Q9JL 
Weight on bit 
Bent sub 1 1/2°
Flow rate 348 gpm (22 L/s)
Estimated rotary speed 300–400 rpm
Change in angle of inclination About 4° (from 17° to 21°)
Total rotating time 4.5 h
Penetration rate 26 ft/h (8 m/h)
Condition of bearing No broken faces, but less than 1/2 h drilling  

life remaining 
Source: Helmick et al., 1982

 The turbodrill played a key role not only in controlling the azimuth, or 
direction, of the EE-2 borehole, but sometimes in increasing the inclina-
tion. Below approximately 9000 ft, an average increase in the angle of 
inclination of about 2° per 100 ft was required to attain a 35° inclination 
by 11 000 ft. For example, on October 11 a single-shot survey at 10 433 ft 
(3180 m) revealed an inclination of only 17°; the turbodrill succeeded in 
increasing the inclination to 21° within a drilling interval of only 119 ft 
(see Table 5-4). 
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Rotary Angle-Building and Angle-Maintaining Assemblies 
The Maurer turbodrill was the tool of choice for azimuth corrections; but 
because a turbodrill run was comparatively short and had to be followed 
by reaming, a rotary drilling assembly would typically be used once the 
desired azimuth had been attained, to maintain or increase the inclination 
of the hole while keeping the azimuth near-constant. The rotary drilling 
assemblies used in EE-2 generally performed well, as did the roller reamers 
that were always used with them as wall-contact tools. 

Directional Surveying Equipment 
During rotary drilling operations, single-shot directional measurements 
were taken at regular intervals. At shallow depths and moderate tempera-
tures, a magnetic single-shot tool was run either on a 3/32-in. (2.4-mm) 
slick line (a wireline with no electrical conductors) or dropped in go-devil 
fashion down the drill string, before the bit was tripped out of the hole.  
At temperatures above 121°C, however, a more heat-resistant, smaller-
diameter single-shot tool, encased in a Dewar-type heat shield, had to be 
used. In addition, as the inclination approached 35°, a 5/8-in. (16-mm) 
braided wireline had to be substituted for the slick line to effectively 
handle the increased drag during retrieval of the tool. Finally, at tempera-
tures above 200°C, various operational techniques designed to cope with 
the elevated temperatures had to be used (such as taking precautions to 

Drill String
The performance of the drill pipe was remarkably good considering the 
hostile environment to which it was exposed and the lack of routine tool-

failures). Severe and rapid abrasive wear of the pipe was observed, and 
although no downhole failures were attributed to this abnormal wear, it did 
result in early replacement of some 4000 ft of drill pipe. The rate of wear 
was retarded somewhat by periodic applications of tungsten-carbide hard 
banding on the tool joints.
 Fatigue failures were surprisingly rare considering the length of the 
directionally drilled borehole and the magnitude of axial and torsional 
loads applied to the drill string. Inspection of the drill pipe by Tuboscope's 
Amalog IV service showed that the two that did occur could both be attrib-
uted to the growth of cracks that developed from sharp, deeply penetrating 
corrosion pits. These cracks were within 20 in. (50 cm) of a tool joint or 
connection and involved Grade E, 19.5-lb/ft drill pipe having a nominal 
outer diameter of 5 in. (127 mm). The low incidence of fatigue failure is 
due in part to efforts to avoid doglegs and in part to the use of lower-yield-
strength (75 000-psi) drill pipe for all but the upper 3500 ft of the string.
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 After numerous washouts and twist-offs in the drill collars, the boxes and 

Logging Instrumentation
Logging surveys in EE-2, for which both commercial and Los Alamos-  
developed instruments were used, were aimed largely at locating lost- 
circulation zones, identifying holes and breaks in the collapsed 13 3/8-in. 
casing, and determining the integrity of the casing and the cement (no further 
attempts were made to obtain geophysical information). Commercial 
companies handled as much of the logging as they were capable of, but the 
commercial logging tools performed marginally at best. This was particu-
larly true of the temperature, caliper, and sonic tools, which often failed at 
the elevated temperatures to which they were exposed at depth. In addition, 
the commercial cableheads (connections between the tools and the elec-
trical cable) were poorly designed and remained water-tight for only a few 
hours at most. 
 Because of these shortcomings, Los Alamos began to design and produce 
some of the needed instrumentation (then unavailable from industry) and 
would continue to develop an entire suite of high-temperature logging tools 
and geophones to support the HDR Project6 (see the Appendix). A particu-
larly critical need was for tools that would allow temperature logging of the 

tools designed by the Laboratory incorporated an ingenious "armor" 
structure that allowed the thermistor probes, which were very lightweight 
and delicate—and thereby capable of rapid equilibration with changes 

moving but protected from contact with rock ledges or other borehole 
obstructions. The logging cables on which these tools were run, manu-
factured by the Rochester Corp. of Culpeper, VA, were 7/16-in.-diameter, 
double-armored, 7-conductor cables insulated with Tefzel (sintered TFE 

 The geothermal gradient measured in EE-2 by means of such logging 
tools (augmented by measurements obtained in GT-2 and EE-1) is shown 
in Fig. 5-7, along with the geologic section for EE-2. The deeper portion of 
the geologic section (below about 10 000 ft) was based on analyses of cores 
and drill cuttings from EE-2. (See Chapter 2 for a detailed discussion of the 
unique geologic/geothermal-gradient conditions found at Fenton Hill as a 
result of its proximity to the recently active Valles Caldera.) 

6somewhat to the chagrin of the DOE, who disliked the appearance of competition 
with industry.
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Fig. 5-7.  
GT-2, EE-1, and EE-2) and geologic cross section.
Adapted from Rowley and Carden, 1982 
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 In addition to the temperature-logging tools, Laboratory-designed 
instruments used in EE-2 included a combination temperature/spinner tool 
used to simultaneously measure the temperature of the water and its rate 

locating lost-circulation zones or breaks in the collapsed 13 3/8-in. casing. 
An abrupt increase in temperature at a given location indicated that water 

and information on the amount of water exiting the casing at that depth, 
provided by the spinner tool, served to corroborate the temperature data. 
(The combined temperature and spinner surveys were run while water was 
being pumped down the hole, so that the water above the lost-circulation 
zone or casing-break would be cold and in motion, while that below the 
zone or break would be hot and static.) In addition, a three-arm (individu-
ally recording) caliper tool developed by Los Alamos was used to inspect 
the casing for breaks or changes in thickness; and a Los Alamos downhole 
video camera was employed to identify the nature of the collapsed zones, 
tears, and breaks in the 13 3/8-in. casing and to visually inspect the 9 5/8-in. 
production casing for suspected wear at 670 ft (204 m).
 All of the Laboratory-designed logging tools were deployed from 
two commercial-type logging vans, purchased by the Laboratory in the 
late 1970s.

Three Observations from the Drilling of the  
EE-2 Borehole

Attempts to Seal the Sandia Formation Loss Zone
During the drilling of the two earlier boreholes (GT-2 and EE-1), the 
Laboratory drilling supervisors had concluded that no amount of cement 
or lost-circulation material was capable of sealing off the cavernous loss 
zone in the Sandia Formation overlying the granitic basement. It was on the 
basis of this experience that they developed the plan for drilling the portion 
of EE-2 that would traverse the lowermost part of the Sandia Formation 
(which presented the most severe lost-circulation conditions) and penetrate 
the underlying basement rock. That plan was to rapidly drill ahead without 
returns to the casing setting depth (about 200 ft into the granitic basement), 
then promptly run and cement the intermediate casing string. 
 Unfortunately, the contract personnel supervising the drilling of EE-2, 
who were inexperienced with severe lost circulation, did not follow this 
plan; instead, using their limited prior experience in similar environments, 
they tried to seal off the loss zone. Further, the technique they used—the 

further deterioration of the red beds of the Madera Formation—was the 
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without returns, and the casing run. 

Attempts to Repair the Intermediate Casing 
The collapse of the lower part of the casing string and the subsequent 
attempts to work through and repair the tight, collapsed interval (which 

communication with the very large loss zone on top of the granitic surface) 
resulted in repeated losses of circulation. In retrospect, this major drilling 
problem could have been solved by a common and proven technique: that of 
setting a smaller casing string inside the intermediate casing (for example, 
during mid June 1979, when full circulation had temporarily been restored 
and drilling was proceeding at a depth of about 4000 ft, a "repair" string 
of 10 3/4-in. casing could easily have been run and cemented inside the 
13 3/8-in. casing). Such a measure would have required a reduction in the 
size of the drilled hole, from 12 1/4 in. to 9 5/8 in., but this would have been 
only a minor setback in the Phase II reservoir plans. Instead, repair attempts 
took the form of ever more massive cementing jobs, which provided at best 
very temporary relief.

Testing of a New Core Bit
The performance of the new STC four-cone core bit was outstanding,  
especially considering the very short amount of hard-rock coring time that 
had been devoted to its development. Five of these bits were tested in EE-2 
(before the most severe hole problems began in late December 1979); their 
average penetration rate was 9 ft in 2 1/2 h, or 3 1/2 ft/h—about three times 
the highest rate previously seen with diamond core bits. With additional 

eventually replace the much more costly diamond bits typically used for 
coring in granitic and metamorphic rocks. 

Planning and Drilling of the EE-3 Borehole

One of the major challenges posed by the Fenton Hill HDR Project was 
that of drilling the lower portion of the Phase II production well, EE-3, on 
an inclined trajectory that would track directly above EE-2, with a vertical 
separation of about 1200 ft (370 m). The drilling of such a deep borehole, 
and one with such a precise trajectory, in hot, hard, crystalline rock had 
never before been attempted. This pioneering directional drilling effort was 
reviewed in Rowley and Carden (1982), from which much of the following 
information is adapted.
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Drilling Plan
The drilling plan for EE-3, like that for EE-2, was dictated by the "Phase II 
assumption" (later seen as fallacious) and called for a controlled-trajectory 
borehole aligned with the EE-2 borehole. The part of the plan calling for 
directional drilling of the deeper portion of the borehole was based on the 
survey data obtained for the 8 3/4-in. (22-cm)-diameter portion of EE-2 
below about 11 600 ft (Fig. 5-5). The plan is summarized as follows:

1. Drilling of the 2400-ft (730-m) section of volcanic and sedimentary 

casing—would follow the same guidelines as in the EE-2 plan, including 
without-returns drilling of the deeper lost-circulation zone and about 
150 ft (50 m) into the underlying crystalline basement. The 13 3/8-in. 
(340-mm) casing would be set into the basement rock and tensioned after 
cementing to guard against compressive failure caused by the thermal 
expansion associated with hot water production.
2. At a kickoff point of about 6500 ft (2000 m), the 12 1/4-in. (31-cm)- 
diameter borehole would be angled toward the northeast and the inclina-
tion would be gradually increased, to match the northeast direction (about 
N80E) and 35º inclination of the lower 3000 ft of the EE-2 borehole. 
That is, the bottom portion of the EE-3 borehole would follow the course 
of EE-2 but lie 1200 ft directly above it. 
3. The directional drilling of EE-3 would have two target parameters:

a TVD such that the borehole terminates 1200 ±50 ft above the  
14 405-ft (4391-m) TVD of EE-2; and 
a lateral deviation of ±100 ft (±30 m) from the horizontal projec-
tion of the EE-2 trajectory.

(Note that, in retrospect, both of these target parameters were excessively 
restrictive—and costly—considering that the true orientations of the 
joint systems in the Phase II reservoir region were not known, nor was 
the direction in which the reservoir would actually develop.) 
4. A 9 7/8-in. (25-cm)-diameter transitional section of borehole would be 
drilled, about 20 ft (6 m) long, between the 12 1/4-in. borehole and the 
lower 8 3/4-in. borehole. 

 
8 3/4-in. (222-mm)-diameter bit and with stiff (angle-maintaining) drilling  
assemblies.
6. Magnetic single-shot surveys would be taken every 60 ft (20 m); the 
azimuth would then be corrected by means of high-temperature turbo-
drill runs, to maintain the path of the EE-3 borehole parallel to that of the 

7. Once drilling had reached the anticipated TD of about 14 400 ft, a 
9 5/8-in. (244-mm) production casing would be run from the surface to 
the bottom of the 12 1/4-in. section of the hole. This casing string would 
be cemented and tensioned to prevent excessive thermal stresses at the 
wellhead during hot water production. 
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 Various equipment items had already been tested during the controlled- 
trajectory drilling of EE-2. With respect to downhole motors, it had been 
established that at temperatures below 200°C—which at Fenton Hill corre-
sponds to depths less than about 10 000 ft (3000 m)—a PDM could be used 
for both angle building and azimuth control; at temperatures above 200°C 
(depths exceeding 10 000 ft), a high-temperature-rated turbodrill would be 
needed to adjust the azimuth of the borehole.
 The directional-drilling strategy for EE-3, like that for EE-2, was to 
alternate runs of a downhole motor guided by a steering tool with runs of 
a rotary angle-building drilling assembly; then, once the inclination of the 
borehole had reached about 35º, to rotary-drill with a stiff, angle-main-
taining assembly to deepen the hole without changing its azimuth. In the 
case of EE-3, however, because of the need to position the borehole with 
respect to the already-drilled EE-2, even greater attention had to be given to 
controlling the azimuth and inclination. 
 Figure 5-8 shows the EE-3 drilling location at Fenton Hill in the fall of 
1980, with the Brinkerhoff-Signal rig No. 56 in operation. 

Fig. 5-8. The EE-3 drilling location, viewed to the southeast. The logging 
tower over the recently completed EE-2 borehole is directly to the left 
of the EE-3 location. The towers over EE-1 and GT-2, and the various 

(which was proceeding concurrently with Phase II drilling), are visible in 
the background. 
Source: HDR Project photo archives 
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Drilling Through the Volcanic and Sedimentary Rocks  
and into the Granitic Basement
On May 20, 1980, with the derrick still raised, the drill rig was skidded 
from EE-2 to the new EE-3 location 165 ft to the west. At this location, 
an 80-ft-deep,7 76-in.-diameter hole had been bored and a 30-in.-diameter 
steel conductor pipe concreted in place (except for the top 2 ft, which would 
serve as a cellar). 
 Drilling of a 26-in.-diameter hole through the volcanic and sedimentary 
rocks began on May 22. As with all the previous boreholes at Fenton Hill, 
the EE-3 borehole met with no serious loss of circulation until, at a depth 
of 1923 ft, the bottom of the hole "fell out" (the top of the washed-out loss 
zone was subsequently determined to be at 1894 ft). While the hole was 
being re-entered to drill ahead, the bit struck a bridge at 480 ft, but washing 
to bottom succeeded in re-establishing circulation. Then, during a second 
attempt to drill ahead, a more serious obstruction was encountered at 505 ft. 
This obstruction was successfully drilled through, after which the hole was 
reamed to near bottom—where circulation was again completely lost at 
1894 ft. 
 Two attempts were made to seal off the lost-circulation zone by pumping 

set at TD (1923 ft) but unfortunately was overdisplaced from the hole; 
the hole was then washed and reamed to TD without returns. A second 
attempt to place a cement plug (with another 500 sacks) succeeded, and so 
did the drilling through of the unstable clay zones above the plug, which 
were swelling and sloughing. The plug was penetrated to a depth of 1775 ft 
(541 m), but because of the continuing sloughing of the borehole walls 
and bridging of the hole in the red clays of the Abo and Madera forma-
tions above the lost-circulation zone, it became obvious that drilling could 
not proceed further until the borehole could be better stabilized. On June 9, 
therefore, a 20-in. (508-mm)-diameter string of surface casing was run in. But 
the continued swelling and sloughing of the unsupported clay zones above 
1900 ft formed a bridge in the borehole that could not be penetrated. The 
casing could not be run in to full depth and had to be set at 1580 ft (480 m). 

 Note: All three of the previous boreholes drilled at Fenton Hill had 
encountered this same severe lost-circulation zone at about 1900 ft. For this 

set earlier—on May 31, at the more appropriate depth of 1872 ft—which 
would have saved nine days of rig time and cased off an additional 290 ft of 
the trouble-prone Madera Formation. (Major problems during the drilling 
of EE-2 were probably averted by the addition of large amounts of lost-

 this zone was encountered; 
but in that instance luck may also have played a role!) 

7

after completion of the borehole.
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 A slurry containing 2400 sacks of cement was pumped down the casing 
and up into the annulus behind the casing, but when it did not reach the 
surface, an additional 650 sacks of cement was pumped down the annulus 

drilled out; drilling then recommenced, now with a 17 1/2-in. bit, until 
circulation was lost again at 1860 ft. Another attempt to seal the lost-
circulation zone with a massive infusion of cement (2500 sacks) was unsuc-
cessful. The decision was made to drill on into the granitic basement—even 
though this meant drilling without returns, which was not only dangerous 
but expensive (even more so now, the water supply from La Cueva having 
been exhausted). 
 The granitic basement was encountered at a depth of 2404 ft (733 m), 
after which drilling continued another 162 ft to a depth of 2566 ft (782 m).  
A 13 3/8-in. string of casing was run into the hole, the casing shoe was 
landed at 2552 ft (778 m), and the casing was then cemented in two stages. 
First, a slurry of 200 sacks of cement was injected to tag-cement the lower 
148 ft (45 m) of the casing into the granitic rock; when this cement had set, 
the casing was tensioned with casing jacks to a load of 725 000 lb (to prevent 
excessive compression loads on the casing caused by the high-temper-

The tensioning of the casing produced an axial stretch recorded as 19 in. 
(48 cm) at the wellhead. The second stage consisted of cementing the casing 
from a depth of 1403 ft (428 m) to the surface, through a cementing stage 
collar; just below this collar was set an expandable, external casing packer 

 
circulation zones below). 

Drilling in the Precambrian Crystalline (Plutonic and  
Metamorphic) Complex

Vertical Drilling
A 12 1/4-in. (311-mm) steel-tooth bit was used to drill out the cementing 

cement below the shoe. Then, on June 30, the steel-tooth bit was replaced 
with a TCI bit and the drilling assembly was run back in the hole. It was 
rotated slowly (40 rpm) and at a low bit load to avoid damaging the casing 
and the cement. This precaution was continued until the top reamer of 
the BHA8 was at a depth of 2640 ft, 88 ft below the 13 3/8-in. (340-mm) 
casing shoe. 

8In Appendix B of Rowley and Carden, 1982, the BHA is often listed as including 
the HWDP. We use instead the more conventional drilling terminology, which 

drilling and/or reaming.
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 Rotary drilling of the 12 1/4-in.-diameter hole continued until July 24, 
when, at a depth of 6444 ft (1964 m), a tool joint on a drill collar twisted 

out to recover the rest of the BHA. 
 A variety of TCI bits (12 in all, for 17 bit runs) were employed during 
this drilling sequence, which, except for occasional washouts of the drill 
collars and two brief retrieval operations, was the least troublesome period 
of drilling for either EE-2 or EE-3. This portion of the hole was surveyed 
approximately every 60 ft (20 m). The instantaneous drilling rate varied 
from 4 to 20 ft/h (1.2 to 6 m/h). The BHA components, the boxes, and espe-
cially the pin ends of collars, were routinely inspected. Drilling and related 
operations for this portion of the hole took 26 days.
 At the new bottom-hole depth of 6444 ft, however, the inclination of the 
borehole was 10° from vertical and the azimuthal direction was trending 
toward the northwest (N58W), as had happened with the previous bore-
holes GT-2, EE-1, and EE-2. As mentioned earlier, this drift appears to 
result from the natural characteristics of the rock mass at these depths. To 
achieve the proper direction relative to the trajectory of EE-2, therefore, the 
hole would have to be turned toward the northeast. (This next step in the 
drilling program, aimed at turning the borehole to about N80E and raising 

bottom reaming at a TD of 10 528 ft, a twist-off of the 5-in. [127-mm] drill 
pipe led to an extended—and unsuccessful—retrieval attempt. Eventually, 
it would also lead to a problem-plagued sidetracking of the hole from a 
kickoff point of 9444 ft.)

Directional Drilling 
When drilling resumed on July 26, at a depth of 6444 ft, only angle-building 
or angle-maintaining BHAs were used for both rotary and motor runs. The 
BHAs and motor types are shown in Table 5-5. 

Table 5-5. Typical motor and bottom-hole assemblies used in the EE-3 borehole
Bit or hole 
diameter, 
in. (mm)

Motor 
type Typical BHA Remarks

12 1/4 
(311)

Baker 
PDM sub, 8-in. Monel drill collar,  

ten 8-in. drill collars, jars.

Used at temperatures 
below 200°C (depths less 
than 10 000 ft [3000 m]). 

Maurer 
turbodrill orienting sub, 8-in. Monel drill 

collar, thirteen 8-in. drill collars, jars.

Used at higher 
temperatures (above 
200°C).

orienting sub, two 6 3/4-in.  
(171-mm) Monel drill collars,  
three 6 3/4-in. drill collars.

Used in very crooked 
hole below 10 300 ft 
(3200 m). 
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Table 5-5. (Continued)
Bit or hole
diameter,
in. (mm)

Motor
type Typical BHA Remarks

12 1/4 
(311)

Dyna-
Drill 
PDM

orienting sub, two 8-in. Monel 
Used during sidetracking 
attempts, 9300–9800 ft  
(2840–2980 m).

12 1/4 
(311)

Dyna-
Drill 
PDM
(bent
housing)

Motor, Dyna Flex or bent sub, 
orienting sub, two 6 3/4-in. Monel 
drill collars, four 6 3/4-in. drill 
collars, seven 8-in. drill collars, jars.

Used during sidetracking 
attempts, 9300–9800 ft.

8 3/4 
(222) 

Maurer 
turbodrill orienting sub, two 6 3/4-in. 

collars, jars.

Used for eight directional 
corrections below hole-
diameter-reduction point 
at 10 800 ft (3290 m).

Source: Rowley & Carden, 1982

 For the initial two runs, magnetic single-shot orienting tools were 
employed, without a steering tool, in an attempt to orient the down-
hole motor—a Baker PDM—such that the azimuth of the hole would be 
rotated while the inclination increased only slightly (changing azimuth at 
a low inclination greatly facilitates correction). During drilling, a magnetic 
single-shot survey was taken as each 30-ft joint of pipe was added to the 
drill string. 

had to be withdrawn after drilling only 76 ft. The second Baker PDM 
performed better (drilled 129 ft), but the inclination increased too sharply, to 
14 3/4° from the vertical, while the azimuth changed little. During the latter 
part of the third directional drilling run with a PDM, the continuous-readout 
EYE steering tool was used. Following this run, the inclination was still 
14 3/4°, but the azimuth, at N37W, was not changing rapidly enough for the 
304 ft (92 m) of depth and four days of effort. 
 Over the next two weeks, another seven drilling runs were carried 
out, deepening the hole to 7482 ft (2281 m) and changing the azimuth to 
N47E—but the inclination decreased, to 7°. After a rotary reaming assembly 
had been run into the hole to return the gauge to 12 1/4 in., drilling was 
suspended on August 12, at a depth of 7542 ft (2299 m), and the rig was put 

This hiatus was used for routine inspection of the drill string, replacement 
of the main drive shaft on the rig drawworks (a severe fatigue crack had 
developed), and inspection of other components of the hoisting equipment.
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 Rotary drilling began again on August 20, 1980, to increase the inclina-
tion while monitoring the azimuthal drift of the hole. By the time a depth of 
7845 ft (2391 m) had been reached, the inclination had increased substan-
tially, to 13 1/4°, but at the same time the azimuth had rotated to the north, 
from N83E to N46E—a change of 37° in about 300 ft (90 m). Because 
this change in direction jeopardized the position of EE-3 with respect to 
EE-2, directional drilling was resumed—now with a test run of a new, 
high-temperature Dyna-Drill (a 7-in. [178 mm]-diameter "DynaTurbine" 
motor); but steering-tool problems restricted the test run to about 11 ft (to a 
depth of 7856 ft). 
 In a sequence of nine motor runs over the next 11 days, the trajectory 
of the hole was corrected to N88E, 17 1/4° at a depth of 8407 ft (2562 m), 
reached on September 4. This sequence was followed by two more 
Dyna-Drill tests, both of which failed because of equipment problems. 
 Next came eight rotary drilling runs, for which either an angle- 
maintaining or a moderate-angle-building assembly was employed. At a 
depth of 9728 ft (2965 m) the trajectory was N72E, 26 3/4°. Because the 
inclination was increasing too quickly, the load on the bit was reduced, 
which dropped the angle back 1 3/4°, to 25°, at 9924 ft (3025 m).9
 With downhole motors not available at this point, rotary drilling continued 
for two more bit runs. On October 2, 1980, with the borehole at a depth of 
10 017 ft (3053 m) and on a trajectory of N72E, 24°, circulation was almost 

one or more open joints within the lower reaches of the Phase I reservoir 

discussed in Chapter 4) was still under way. With the EE-1 injection pres-
sure at 1250 psi and the GT-2 production backpressure only 170 psi, the 
pressure within the open joints of the reservoir would have been no higher 

and 2000 psi. 
 A cement-bond log was run to evaluate the bonding between the cement 
and the 13 3/8-in. (340-mm)-diameter casing. The results showed that the 
bottom 230 ft (70 m) of the tag-cemented casing string—from 2552 ft up 
to about 2320 ft—was well bonded through and  the massive loss 
zone in the Sandia Formation at about 2380 ft. (Note: The interpretation 
of this part of the cement-bond log was no doubt in error, since it is highly 
improbable that the loss zone had been sealed off.) The cement-bond log 

9Note: In a few cases—this is an example—different sections of the Rowley and 
Carden report give different numbers for depths, trajectories, etc. When unable 
to reconcile numbers given in the text with those in Table III and in Appendix B, 
we used the numbers shown in Appendix B. 
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also showed that the 1410- to 1837-ft (430- to 560-m) interval, which had 
not been cemented, had no bonding; and that the cement circulated to the 
surface above the stage collar at 1403 ft was only partially bonded.
 By now a Dyna-Drill PDM was again available, and two runs were 
attempted; but the bottom-hole temperature proved to be too high for the 
elastomer components of the motor, causing it to lock up. Two Maurer 
7 3/4-in. (197-mm)-diameter turbodrills were then enlisted for the resump-

10 116 ft in 5 hours, but also increased the inclination to 27°—a too-rapid 
increase that resulted in a severe dogleg (3° per 100 ft). Following a rotary 
reaming run, a further directional drilling run was initiated, but the Maurer 
turbine locked up after advancing only 7 ft and had to be pulled. The next 
two turbodrill runs were also problem-plagued: the hole was deepened by 
only 34 ft while the inclination remained unchanged at 27° (but the hole 
azimuth drifted back slightly to the north, to N67E). Two more rotary 
reaming runs were alternated with Maurer angle-building turbodrill runs to 
further increase the inclination. These runs took the hole depth to 10 334 ft 
(3150 m), but the net increase in inclination was only 1/4° (the azimuth of 
the borehole, however, had now rotated 16° farther to the north—to N51E).
 On the next Maurer turbodrill run (October 13), the EYE steering tool—
unbeknownst to the wireline operator—jammed in the downhole seating 
assembly, 170° away from its proper orientation. The turbodrill was thus 
severely misoriented on the next angle-building run, and instead of building 
angle actually  it, back to 24 3/4°. This decrease of 2 1/2° over 
a distance of only 44 ft translated to a dogleg severity of over 5 1/2° per 
100 ft. Figure 5-9 makes starkly evident the problems caused by the direc-
tional drilling of EE-3. 
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Fig. 5-9. Dogleg severity and variations in inclination over the 9000- to 
10 500-ft (2700- to 3200-m) depth interval in EE-3. Also shown is the zone 
of lost circulation encountered during drilling through the Phase I reservoir 
region, which extended down to at least 10 017 ft. 
Adapted from Rowley and Carden, 1982 

discovered that wear of the components had caused the latch-in orienting 
sleeve on the steering tool to become jammed 170° away from the key pin in 
the orienting sub. (The geometry of the BHA was such that a misorientation 
of this kind would be extremely unlikely if component wear were routinely 
checked for—which should be done by the wireline operator as part of the 
procedure of multiple engagement and re-engagement of the latch-in device 
on the surveying tool.)
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 Note: In retrospect, it is clear that directional drilling should have 
been discontinued at this point, and further Maurer turbodrill runs should 
have waited until the borehole had been reamed out with a stiff, angle- 
maintaining rotary drilling assembly.

 Another turbodrill run, aimed at regaining angle and reaming out the very 
crooked section of hole that had been produced by the severe oscillations in 
inclination (see Fig. 5-9), encountered extremely tight hole conditions. The 
borehole was deepened to 10 417 ft (3175 m), but with no change in trajec-

be advanced through the very crooked interval and had to be replaced with 
a more limber assembly having a 3-point near-bit reamer. However, while 
reaming was under way at a depth of 10 372 ft (3161 m), a twist-off of the 
5-in. (127-mm) drill pipe occurred. The free pipe—75 stands plus two joints 
of 19.6-lb/ft (29.2-kg/m), grade E drill pipe—was successfully retrieved. It 
appeared that the break was in the pipe body, about 2 ft (0.66 m) below a 
coupling, and that the threads in the lowermost steel drill collar in the BHA had 
been stripped. Following the retrieval operation, a reaming/drilling assembly 
was used to ream the hole back down to 10 417 ft. Directional drilling then 
continued with three Maurer turbodrill runs interspersed with rotary reaming 
runs in an effort to open up the very tight borehole. These runs succeeded in 
returning the borehole inclination to 26 1/4° at a depth of 10 528 ft. 
 On October 28, a second—and this time disastrous—twist-off occurred 
in the drill string at 7070 ft (2155 m). It is likely that this twist-off was a 
direct consequence of the severe borehole drag caused by the rapid changes 
in inclination described above. Because the borehole was being reamed with 
the bit  at the time of the twist-off, it was assumed that the BHA 
had fallen to the bottom of the hole (then at 10 528 ft)—in which case not 
only could it be badly jammed into the hole, but there could be a consider-
able amount of bent or buckled drill pipe above it. When the drill pipe above 

2300 ft of 5-in. drill pipe, six joints of HWDP, drilling jars, another nine 
joints of HWDP, two 6 3/4-in. drill collars, a crossover sub, a 3-point (string) 
roller reamer, another crossover sub, another 6 3/4-in. drill collar, a third 
crossover sub, a 3-point (near-bit) roller reamer, and a 12 1/4-in. TCI bit. 

-
tion in drilling but would ultimately be unsuccessful (further, in the process 
other pipe and equipment used in the retrieval attempts would be lost in the 
hole as well).
 Free-point surveys showed that the region of the borehole in which the 
BHA was stuck coincided with the location of the upper (string) reamer—
about 45 ft above the bit, which had landed with great force at the bottom of 
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in bringing up all of it, as well as the six joints of HWDP positioned above 

joints of HWDP and the BHA still in the hole.

HWDP, and with a single back-off shot all nine remaining joints of HWDP 
were unscrewed from the top of the BHA and removed from the hole. An 
attempt was then made to free the BHA, but the result was disastrous. As 

-
taneously pulled hard and jarred, the drill pipe parted again, at a depth of 

-

damaging the swivel, cables, and hoisting block. Now unconstrained, the 

and lodged (within the 13 3/8-in. casing) alongside the section of drill pipe 
still attached to the BHA. Fishing in this "double-parked" situation (which 

and delicate. Finally, after nine days of judicious backing off and jarring, 
joint by joint the entire 2360-ft section of drill pipe was loosened and 
removed—leaving the rest of the pipe with its top at about 2360 ft.

-
tions that had fallen down the hole and was blocking the threads on the top 
box connection of the drill pipe. A special external cutting tool was used 
to cut the pipe at about 2405 ft, in the middle of the next joint (1 1/2 joints 
below the top of the drill pipe); the 1 1/2 joints were then removed, allowing 
most of the rest of the drill pipe (about 6775 ft) to be backed off to a depth 
of 9180 ft (2800 m). 
 At this stage, it was decided to change out the entire string of 5-in. drill 

pipe failure (twist-off): the break was very jagged, and numerous extremely 
deep corrosion pits were visible on the pipe's inner surface; and second, 
because the pipe had already seen more than 3000 hours of hard drilling 
in the EE-2 borehole. The 5-in. pipe was delivered to the rig contractor 
(Brinkerhoff-Signal Drilling Co.) and replaced with a string of 4 1/2-in. 
(114-mm)-diameter pipe. 

 Note:
way at this time, the decision to use a smaller-diameter—and thereby inher-
ently weaker—string of drill pipe would turn out to be an unfortunate one.

 On November 23, after the 4 1/2-in. drill pipe had been picked up and run 

to the top of the remaining 5-in. drill pipe at a depth of 9180 ft (this pipe 

attached to the stuck BHA), but jarring had no effect. During an attempt to 
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torque up the screw-in sub, a cracked thread in a pin caused the new drill 
pipe to twist off at a connection at about 3550 ft (1080 m). Finally, a deep 
back-off at a depth of 10 150 ft (3094 m) was successful in removing all of 
the 4 1/2-in. drill pipe above the screw-in sub, as well as a portion of the old 

and grapple, and the BHA. 

near the bottom of the hole for 35 days, gave out. The action taken next 
was ill-considered: torque was applied to the string in an attempt to back 

jars, not being designed to transmit much torque, twisted off. The top half, 
along with the seven joints of 5-in. drill pipe, were removed—leaving 140 ft  

10

of the original BHA, the grapple attached to the box-end of the uppermost 

(a 3 3/4-in. [95-mm]-diameter mandrel made of hardened chromium steel). 
After several attempts to grapple the top of the mandrel, a lead impres-

borehole wall.
 At this point, it was judged that further grappling or milling attempts 
had a low probability of success. And having now lost a total of 48 days to 

and drill around the stuck BHA. In hindsight, this decision was probably a 

might well have been successful. The very short, stout mandrel that formed 
the bottom part of the twisted-off jars was screwed into the grapple, which 

the mandrel could not possibly have been more than just "softly" lying on 
the bottom of the 12 1/4-in. hole, and would have been fairly easy to wash 
over with a quality overshot/grapple. 
 What appears to have been the real problem was inadequate drilling 

attempting to pull out the BHA (the other 36 days were spent on unrelated 

10The source document (Rowley and Carden, 1982) reports different depths for the 

10 388 ft in Fig. 3). After a careful analysis of the available information, we 

have to be at 10 383 ft. The number in Fig. 3 (showing the depth before the 
 

Appendix A was simply a typographical transposition from 10 383 to 10 338.
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It seems likely that with some additional perseverance the BHA could have 

and mostly futile—sidetracking attempts. (At the same time, it is likely that 

Sidetracking of the EE-3 Borehole 

However, most of the activities engaged in during this period were fruit-
less, owing at least in part to questionable direction from the HDR Program 

gains in borehole inclination—built up over the preceding several months of 
directional drilling—they insisted on sidetracking from the  of the 
steeply inclined (26°–27°) EE-3 interval between 9760 and 9900 ft. 
 The sidetracking plan developed was a variation of the technique that 
had been successful in twice sidetracking GT-2 at similar depths (GT-2A 
and GT-2B)—namely, underreaming, i.e., enlarging the borehole diameter 
(used only for GT-2A) and then strategically placing cement plugs to aid in 
diverting the drilling path. Both sidetrackings of GT-2, however, had been 
initiated from the low side of the hole (gravity thus working in favor of 
the sidetracking). The EE-3 borehole was a very different story: its much 
greater inclination meant that sidetracking from the high side of the hole 
would be working  gravity! Thus, in the case of EE-3, this side-
tracking approach led to a lengthy series of failures, correction attempts, 
and further failures: repeated placing of cement plugs, underreaming, and 
numerous attempts at directional drilling. 
 Finally, on February 22, the cement-plug approach to the sidetracking 
of EE-3 was abandoned in favor of using a cemented-in steel whipstock. 
A 10 3/4-in. whipstock had been ordered for the 12 1/4-in. drilled hole and 
was now on hand. Preparatory to setting it in place, the cement was drilled 
out to a depth of 9500 ft (2896 m). Following a temperature survey and 
cooldown of the borehole, the whipstock was run in with 30 ft of anchoring 
tailpipe below. The whipstock was equipped with a 10-ft curved slide to 
accommodate a 12 1/4-in. (311-mm) bit, and the wedge angle was set to drill 
at an azimuth of about N40E, off the high side of the hole. The whipstock 
was successfully cemented in place with its top at 9444 ft (2879 m) and the 
top of the cement "anchoring plug" at 9200 ft. After a 4-day cure the plug 
was tagged at 9123 ft, and drilling to 9270 ft with the 12 1/4-in.-diameter, 
steel-tooth bit showed the cement to be hard.
 As drilling out of the cement proceeded, the bit encountered some junk. 

cleared this metal from the hole. 
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 Drilling off the whipstock began with 15 joints of HWDP and a BHA 
consisting of a 12 1/4-in. TCI bit, one 6 3/4-in. (171-mm) drill collar, and 
jars. About 15 ft was drilled in 15 1/2 hours, at bit loads of 5000–15 000 lb. 
When this drilling produced increasing amounts of granitic cuttings, a 
12 1/4-in.-diameter angle-building assembly was run in. Over the next three 
days, drilling progressed another 97 ft (29.6 m). The rate of penetration  

being drilled. On March 22, 1981, after 101 days of effort, the EE-3 side-

 Note: The failure of the initial sidetracking attempts, and the need to 
resort to a whipstock, were due entirely to the stipulation that the borehole 
be drilled out the high side. Such a stipulation is called for only in very 
special—and therefore rare—circumstances, and in fact was not necessary 
for EE-3. The sidetracking operation could probably have been completed 
in a few days if it had been initiated from the low side of the borehole, 
as had proved successful for both GT-2A and GT-2B. Any loss of inclina-
tion could easily have been recovered in a few days of directional drilling 
(in future drilling operations, preserving hole inclination while accessing 
an HDR reservoir would almost never be an issue). In the great majority 
of cases, a low-angle kickoff—without a whipstock—is the preferred 
approach. It is not only quicker and much less expensive, but it does not 
leave the original borehole forever unusable, plugged with cement and junk. 
However, successful low-angle sidetracking in granitic rock does require an 
experienced directional driller. 

-
stock was at a depth of 9516 ft (2900 m) and indicated a trajectory of 
N73E, 24°. A second compass survey, at 9518 ft, yielded the same readings. 

by the steel in the whipstock and in the 30-ft tailpipe anchor—were causing 
some concern that the sidetracking may have been to the left side of the hole 
instead of to the right. For this reason, it was decided to continue drilling to 
the next drill-pipe connection (at a depth of 9558 ft), then withdraw the bit 
and position a MINIRANGE magnetometer proximity tool (Jenson, Inc.)  
at 9491 ft (2893 m) in the sidetracked hole. This tool would enable determi-
nation of (1) the direction from the steel tailpipe in the old borehole toward 
the instrument location and (2) the normal distance from the tailpipe to the 
instrument location. The readings taken indicated that at a depth of 9491 ft, 
the direction from the tailpipe toward the magnetometer was indeed as 
desired at N90° ± 5°E, and the distance between the tailpipe and the magne-
tometer was 30 ± 6 in. A multishot gyroscopic survey was also done in the 

the whipstock and the original borehole. 
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 Between March 27 and April 3, 1981, four drilling runs were carried out 

with an EYE steering tool was used to directionally drill 73 ft (22 m), to 
a depth of 9631 ft. During this run, the steering tool indicated an inclina-
tion increase of about 1° and a turn to the east of 7 1/2°. Next, an angle-
building assembly with a 6-point, near-bit reamer was used to drill ahead 
to 9729 ft. Another PDM run then took the borehole to a depth of 9771 ft 
(2978 m). Finally, a rotary drilling run deepened the hole another 113 ft, to 
9884 ft (3013 m). Single-shot surveys were conducted at two depths during 
the fourth run. At a depth of 9753 ft (2973 m) the trajectory readings were 
N78E and 24 1/2°, and at 9805 ft (2988 m) they were N77E and 24 3/4°. 
 With the trajectory data indicating a possibility that the sidetracked leg 
could intersect the original EE-3 borehole (which at 9728 ft had shown a 
reading of N72E, 26 3/4°), especially given the observed tendency of the 
hole to drift toward the north, the drilling of the next few hundred feet could 
be critical. For this reason, additional surveys were carried out—with both 
a gyroscopic multishot tool and a tandem magnetic multishot tool—across 
the whipstock and into the sidetracked leg. These surveys were plagued 
with instrument and operational problems, and only one (a tandem magnetic 

the previous results from the MINIRANGE proximity-tool survey (indi-
cating that the new leg would not intersect the original hole), the decision 
was made on April 4 to drill ahead with an angle-building assembly. 

Orienting the Sidetracked EE-3 Borehole with Respect to EE-2
The next 30 days were spent orienting the sidetracked EE-3 borehole above 
EE-2, by establishing an inclination of 35° and a direction that would be 
parallel to that of EE-2 over the depth interval 10 600–10 800 ft. From a 
depth of 9884 ft, four rotary angle-building runs deepened the borehole to 
10 226 ft (3117 m), while increasing the inclination by 6 3/4° (to 31 1/2°) 
and slightly rotating the hole back to the north (to N74E). 
 A sequence of six Maurer turbodrill runs followed, interspersed with 
rotary reaming and drilling runs, and on May 4 the 12 1/4-in. portion of the 
borehole was completed to a depth of 10 791 ft (3289 m), corresponding to 
a TVD of 10 504 ft (3202 m). During the Maurer runs, the inclination of the 
borehole was increased from 31 1/2° to 34°, but its direction was allowed 

(From these results, it appears that the turbodrills were not as effective as 
conventional rotary directional-drilling assemblies, either at building angle 
or maintaining azimuth.)
 The next task was to reduce the diameter of the borehole from 12 1/4-in. 
to 8 3/4 in. (22.2 cm). A 20-ft (6-m) transitional section was drilled with a 
9 7/8-in. (251-mm) bit. A trajectory reading taken near the bottom of this 
20-ft section—N54E, 34 3/4°—was very close to the previous reading at 
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10 791 ft, and both compared very favorably with the trajectory of the under-
lying section of the EE-2 borehole at a depth of 11 576 ft (N54E, 34 1/2°). 

Drilling of the 8 3/4-in. Section of the EE-3 Borehole 
The plan for drilling the 8 3/4-in.-diameter borehole through the intended 
Phase II reservoir region called for straight-hole rotary drilling with a very 
stiff, angle-maintaining BHA, and for single-shot surveying every 60 ft. 
Drilling was to be interrupted only if the azimuth and/or inclination varied 

underlying portion of EE-2. This drilling would end up consuming 93 days, 
-

reserve pits). 

at a depth of 10 811 ft (3295 m). After steady drilling for about 310 ft, the 
slick line used for the single-shot surveys broke while being withdrawn and 
fell to the bottom of the hole. To recover the slick line, the drill string had 
to be pulled out, but in the process it became jammed at a depth of 6300 ft 
(1920 m), in the 12 1/4-in. portion of the hole. Retrieval of the slick line and 
dislodging of the BHA took four days. 
 The diagnosis was that a "keyseat" had formed in this zone; the 6 3/4-in. 
(171-mm)-diameter couplings on the drill pipe had worn a vertical 

to ensnare a BHA drill collar or reamer. Later examination of the BHA 
revealed deep scrape marks on the top part of the uppermost 3-point reamer, 
lending support to the keyseat diagnosis. The keyseat zone was drilled and 
reamed out, and a string reamer was added to the BHA so that reaming 
could continue during drilling. A moderately strong, rotary angle-building 
assembly was then used to drill to 11 454 ft (3491 m), at which depth 
single-shot surveying showed a borehole trajectory of N50E, 33 1/4°. 
 A second drill string was put into service at this point, so that the one that 

by having a second string of drill pipe on hand, because drilling did not 
have to be interrupted for inspections). The original drill string was found to 
have one cracked pin on the E-grade pipe and eight on the S-grade pipe. 
 The second drill string consisted of about 100 joints, or approximately 
3000 ft, of E-grade drill pipe on the bottom of the string (E-pipe, being 
more fatigue-resistant, was better suited to the higher temperatures at depth) 
and 250 joints of high-strength, S-grade pipe at the top (where pulling loads 
are greater and a drag of 100 000 lb in excess of pipe weight was not infre-
quent). The string weight at this time was about 250 000 lb. 
 On May 15, the next drilling run—again with an angle-building 
assembly—took the hole depth to 11 595 ft and attempted to correct the 
loss in inclination of the previous run; surveying over the 141 ft (43 m) of 
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increasing to 2 1/2° by 137 ft (42 m). The trajectory was N50E, 35 3/4°. 
A 30-hour drilling run with an angle-building assembly then deepened the 
hole to 11 926 ft (3635 m)—a rate of 11 ft/h—but with no change in the 
direction or inclination of the borehole. At this point, it was becoming clear 
that downhole-motor corrections would be required to turn the hole direc-
tion more toward the east. 

diameter Maurer turbodrill. After just 25 ft had been drilled, at a low 
bit load of 5000 lb, the bit apparently "locked up" and the run had to be 
terminated. When the bit was inspected, the cones showed severely ground 
surfaces, indicating that the turbodrill had been "spinning" the bit rapidly 
on the bottom of the hole. A reaming and drilling assembly in an angle-

reducing chemicals (added to the reserve pits to reduce dissolved hydrogen 

and drag, but did manage to deepen the borehole to 12 079 ft (3682 m). 

found to be 120 000 lb over string weight. On May 25, on the advice of the 

the east pit was emptied (the west pit would be used alone while the east pit 
was being cleaned). 
 Drilling continued the next day, and at a depth of 12 100 ft (3690 m) the 
borehole trajectory reading was N53E, 36°. Two more turbodrill directional 
runs, reaching a depth of 12 576 ft (3833 m) on June 3, altered the trajectory 
toward the east—to N72E, 37°. 
 After a four-day hiatus during which the reserve pits were again cleaned 

The stiff, angle-maintaining assembly encountered some high-torque and 
tight-hole conditions, but in general progress was smooth; problems less-
ened as the concentration of the lubricity additive increased and the hole 
cooled down. At a depth of 12 895 ft (3930 m), the borehole was found to 
have a trajectory of N66E, 37 1/4°. A further azimuth correction was needed, 
but the attempt was plagued with wireline, cablehead, and turbodrill prob-
lems. A new EYE steering tool specially designed for high temperatures 
was ordered from California, and in the meantime drilling went forward for 
another three days with a rotary angle-maintaining assembly. On June 17 a 

13 933 ft (4247 m). Surveying in EE-3 at this depth indicated a trajectory of 

at 14 962 ft (N79E, 35°). 
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 Note: The EE-3 effort could just as well have been halted at this point; 
drilling of the additional 568 ft would consume another seven weeks of 
rig time but in fact make no difference to the ultimate development of the 
Phase II reservoir.

 The drill string, which by now had accumulated 100 hours of rotating 
time, was pulled up for inspection, and the alternate string was put into 
service. A 64-arm-caliper inspection of the 13 3/8-in. casing showed no 
additional wear. With the intent of turning the borehole a little farther to the 
east, one more turbodrill run was initiated; but the drilling assembly could 
not reach bottom because of tight-hole conditions. Therefore, a reaming run 
was made, beginning at a depth of 13 280 ft (4048 m). After just a short 
distance, with the bit at 13 330 ft (4063 m)—35 ft (11 m) above the bottom 
of the hole— . This twist-off was 
a surprise, as the string had just been inspected and no excessive torque or 
drag had been experienced. When the drill pipe was retrieved, examination 
revealed that the cause of the twist-off was failure of the threads on the pin 
end of the drill-pipe connection at this location.
 Retrieval of the rest of the drill pipe, HWDP, and the BHA took 45 days. 
The process began with a free-point survey, which indicated that the drill 
string was essentially free down to the BHA. The planned approach was  
to unscrew the upper part of the drill string, remove it, and replace it with  

to work with free-point and back-off-shot tools above the BHA, on  
June 26 perforations were cut in the HWDP at 12 216 and 12 915 ft, allowing 
water to be circulated down through the drill pipe and up the annulus to cool 
the hole. 
 The next day, two joints of HWDP were successfully unscrewed and the 
E-grade drill pipe above it all removed. The drill pipe was only slightly 
bent, raising hopes that the BHA had not jammed in the bottom of the 

hole. However, jarring was unsuccessful—probably because the remaining 
25 joints of HWDP above the BHA were cushioning the impact of the jars. 
There was no alternative but to remove as much of the HWDP as possible.
 After several failed back-off attempts, a pipe-severing service  
(Jet Research Center, Houston, Texas) was called in to cut the HWDP.  

temperatures affecting the detonator, did not succeed in cutting the HWDP. 

 When an attempt to latch onto the HWDP with overshot grapples failed, a 
mill was employed to face off the top tool joint of the HWDP; but the grap-
ples still would not hold. Then, during another milling run, the drill string 
twisted off again, at a depth of about 5200 ft (1585 m). Overshot grappling 
did succeed in removing the milling assembly. The next day, the keyseat 
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zone between 6500 and 6700 ft (1980 and 2040 m) was reamed (some tight-
ness had been noted in this zone as the milling assembly was being pulled 
up through it), and the drill string was changed out and inspected. 

(a very large increase—to as high as 40 ppm—had been detected in one of 

being cleaned, which took three days. A hose and jet nozzle were used to 

production to an acceptable level (below 5 ppm). 

4 1/2-in. (114-mm)-outside-diameter section of the HWDP, the problems 
with setting the overshot grapples were resolved and the remaining HWDP 
and the BHA were at last pulled from the hole.11 Ten magnet and junk-basket 
runs were then carried out, interspersed with milling and bit runs (both 
steel-tooth bits and TCI bits were used to "stir" the remaining debris), to 

 On August 1, 1981, drilling of the 8 3/4-in.-diameter hole resumed with a 
stiff, angle-maintaining assembly. With the hole depth at 13 494 ft (4113 m), 
the drill string twisted off at 9683 ft (2951 m). As before, failure of a pin 
thread was found to be the culprit. Fortunately, this time the BHA was on 
bottom when the twist-off occurred; the grapple latched onto the top of the 

with little effort, allowing it to be pulled out. The procedure took only one 
day. Before drilling began again, the drill string was inspected joint by joint 

replaced.
 Drilling continued with only one further problem: the drilling jars washed 
out and leaked, and had to be replaced. Drilling then proceeded steadily 
for another four days, until the bit torqued up at 13 933 ft (4247 m). This 
bit had drilled 439 ft (134 m) in 34 1/2 hours—an absolutely outstanding 
penetration rate of  (4.8 m/h) considering the hardness of the rock, 
the inclination of the borehole, and the high-temperature environment of 
the hole. Because the 13 933-ft TD of the EE-3 borehole (corresponding to 
a calculated TVD of 13 048 ft) was now already  than the planned 
one (13 000 ft TVD) and the trajectory (N73E, 34 1/2°) was close to the 
planned one (N80E, 35°), it was decided to stop drilling at this point. 

11It is interesting to note that this time, after 35 days' exposure to the 260°C static 
borehole temperature, the heavy-duty hydraulic drilling jars were still operating 
properly.
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The Final Position of EE-3 Relative to EE-2
The EE-3 drilling plan was completed in 461 days with the target param-
eters closely approached. The largest deviations were (1) a slightly larger 
vertical spacing—about 1300 ft (400 m)—in the very upper portion of the 
intended reservoir region (the spacing fell within the target range of 1200 
± 50 ft for the rest of the region); and (2) a lateral displacement of EE-3 
with respect to EE-2 of about 180 ft (60 m) at the EE-3 TVD of 13 048 

positions of the two boreholes, and the magnitudes of the deviations of 
EE-3 from the target parameters, are illustrated in Figs. 5-10 and 5-11 (in 
terms of TVD) as surveyed after the completion of drilling.
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Completion of the EE-3 Borehole 
The EE-3 TD of 13 933 ft/TVD 13 048 ft (4247/3977 m) was reached on 

EE-3 to serve as the production well for the planned two-well, Phase II 
HDR system. Central to this task was the running and stage-cementing of a 
string of 9 5/8-in. (244-mm) production casing, from the surface to a depth 
of 10 374 ft (10 250 ft TVD).12

Pre-Casing Operations
In preparation for running and cementing of the casing, the borehole was 

degraded Torq-Trim friction reducer mixed with drill cuttings and other 
residue—was coating the borehole walls and had trapped cuttings on ledges, 
crevices, and along the low side of the hole. The initial cleaning consisted 
of two 3200-gal. polymer–bentonite mud sweeps (to wash as much of the 
residual drill cuttings as possible out of the hole) followed by a detergent 

the hole and cycled up and down across the lower (8 3/4-in.) section of the 
borehole. With the scraper assembly on bottom, 27 000 gal. of detergent 
solution was pumped into the hole. 
 Next, preparations began to install a cement plug, to ensure that when 

the inclined borehole below the casing shoe by displacing the lower-density 

plug!) The bottom of the plug was to be placed at about 10 900 ft, a short 
distance into the 8 3/4-in. portion of the hole, which began at 10 811 ft. 
A temperature log run by the Los Alamos Instrumentation Group showed 
a static borehole temperature of 198°C at 11 000 ft, with a temperature 
recovery rate of 0.6°C/h. This information was forwarded to the cementing 
engineers at Dowell, for use in testing cement samples and calculating the 
amount of retarder to be added. 
  The drill pipe was run in open-ended to about 10 900 ft, and 2440 gal. 
(9200 L) of 16.5-ppg cement was pumped downhole. The cement slurry 
was then displaced from the drill pipe with water, the pipe was withdrawn 
from the hole, and the cement plug was left to harden for 18 hours. When a 
12 1/4-in. steel-tooth bit was run into the hole to face off the cement plug, 
it reached 10 783 ft (8 ft above the bottom of the 12 1/4-in. portion of the 
hole) without tagging any cement. This meant that the cement plug had 
displaced the water in the borehole and had slid down into the 8 3/4-in. 
portion of the hole. While the bit was maintained at 10 783 ft, the hole was 
cooled by a 6-hour circulation to prepare for additional logging. Returns 

12Nowhere in the literature is there an indication of how this casing depth was 
selected.
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 The pipe and BHA were pulled out of the borehole, and the Los Alamos 
Instrumentation Group ran a repeat temperature log. It was followed by 
a Schlumberger suite of temperature-sensitive logs, run upwards from 
10 800 ft to 3000 ft, that included gamma ray, compensated formation 
density, compensated neutron, and one-arm caliper (all but the caliper log 
were run to obtain baseline data for use following cementing of the casing, 

the cement). When the logging tools were recovered, they and the bottom 
100 ft of logging cable were coated with black gunk. Schlumberger then 
ran a borehole geometry log (two-independent-arm caliper and dip-meter 
surveys), beginning around 9500 ft (2900 m) and proceeding upward to 
5900 ft (1800 m), at which point the tool failed. This equipment too, when 
withdrawn, was found coated with black gunk, and there were traces of 
black gunk on the bottom 1510 ft (460 m) of logging cable. 
 The Los Alamos temperature survey tool was then rerun, between the 
surface and a depth of 10 800 ft (3290 m). At that depth, the poor response of 
the tool suggested that the probe had become plugged and thereby insulated 
from the borehole environment. The tool was moved up and down the hole in 

pulled out of the hole, the same black gunk was found to be coating the sonde 

downhole again. This time it recorded a temperature-recovery rate of 4°C/h 
at 7300 ft (2225 m), and a temperature of 185°C and recovery rate of 0.5°C/h 
at 10 700 ft (3260 m). The probe was then lowered further, to sound for the 
cement plug. It bottomed at approximately 10 810 ft (3295 m). When once 
again withdrawn from the hole, it was heavily coated with black gunk.
 On August 12, a repeat cement plug was placed through open-ended drill 
pipe positioned at a depth of 10 777 ft. This composite cement plug, "engi-
neered" on the basis of the previous Schlumberger caliper logs, consisted 
of 1500 gal. of 16.5-ppg cement, followed by 2800 gal. of a lower-density, 
11.3-ppg cement slurry containing 252 ft3 of expanded perlite (intended to 

plug was successful. After a nine-hour wait, it was tagged at 10 215 ft and 
faced off to a depth of 10 400 ft. Two 3200-gal. polymer–bentonite mud 
sweeps followed, to clean the hole of remaining cement cuttings. 
 Preparations then began to run the casing—including the installation of 

stage cementing.

Running of the 9 5/8-in. Production Casing
Given the higher bottom-hole temperature measured in EE-2 (317°C 
instead of the anticipated 275°C), and consequently the likelihood of a 
higher mean reservoir production temperature, the design of the production 
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buttress-thread connections—were upgraded to 47 lb/ft, grade P-110, and 
patented VAM connections designed to minimize the potential for joint 
failure during tensioning. A further reason for the selection of the thicker-
walled P-110 casing was to provide a greater margin against collapse or 
buckling during reservoir production and greater resistance to wear and 
corrosion. (However, the drilling supervisors evidently did not take into 
account another factor: geochemical analysis of the dissolved gases in the 

grade S-95 steel, although not as hard as the grade P-110, is more corrosion-
resistant and more resistant to the adsorption of hydrogen. Its replacement 
with grade P-110 steel meant that the new casing would be more prone to 
hydrogen embrittlement at the grain boundaries of the steel microstructure.) 
The casing was inspected for defects, both in the material and in threads 
and couplings. All joints received Amalog IV (AMF Tuboscope) special 

black-light, end-area, and full-dimensional inspections.
 Once the casing-handling and torque-turn-monitoring equipment had 

just above it) was landed at a depth of 10 374 ft (3162 m), and the stage 

being run in, the string lost weight—it apparently had come to rest on an 
obstruction in the hole. With the attachment of a cementing head to the top 
of the string, the rig pumps easily washed the string through the obstruction. 

 The next step was to stretch-test the casing string. When the 380 000-lb 
pull force initially on the rig's drawworks (the weight of the casing 
string less the frictional lift provided by the borehole) was increased to  
434 000 lb, the casing rode up out of the hole only 10 1/2 in. (27 cm). A 
force of 500 000 lb brought about a movement of 24 in. (61 cm). When the 
pull force was returned to 380 000 lb, the casing retreated 28 in. (71 cm) into 
the hole—4 in. (10 cm) farther than its original position—probably because 
of a change in hole friction during this pipe-reciprocating exercise. 

Stage Cementing

3093 ft of casing, between 10 374 ft and the top of the stage collar (7281 ft); 
and second, a section of about 4280 ft above the stage collar. The formula-
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cement mixture designed for superior strength and low permeability. For 
the second stage, a lightened cement would be placed in the annulus above 
the stage collar, to extend upward to about the 3000-ft (914-m) depth. 
Approximately 450 ft of borehole (outside the 9 5/8-in. casing and below 
the 13 3/8-in. casing) would be left uncemented to relieve any buildup of 
annulus pressure caused by heating during production.13 This two-stage 
strategy meant that 

1. the uppermost 3000 ft of the 9 5/8-in. casing would be uncemented 
—and thus unsupported—for about 2550 ft within the 13 3/8-in. casing 
and about 450 ft within the 12 1/4-in. drilled hole below the casing 
(because the water level in the annulus between the two casing strings 
rose to only about 1700 ft, the remainder of the annulus to the surface 

2. the section of the casing in the mostly vertical portion of the borehole 
(from 3000 ft to 7281 ft) would be laterally supported with lightened 
cement; and 
3. the lowermost section of the casing, over the inclined portion of the 
borehole below 7281 ft, would be strongly laterally supported with high-
density cement (this extra strengthening afforded protection against the 
buckling that could result from thermal expansion during production). 

 Once the cement had set, a tension load of about 900 000 lb (40 × 105 N) 
would be exerted on the top 3000 ft of the 9 5/8-in. casing, to prestretch 
it enough to compensate for about one-half of the expected thermally 
induced compressive stress (with a hold-down force of about 450 000 lb, 
the welded, sealed wellhead was designed to contain the potential thermal 
growth within this unconstrained length of casing when, during reservoir 
production, it went from tension into compression).

pH increased to 12 by the addition of caustic soda) and an 800-gal. spacer 
of fresh water mixed with 1.2% D-28 retarder. Then 3500 gal. (13 400 L) of 
10.5-ppg pozzolan scavenger cement slurry—288 sacks of pozzolan mixed 
with 2400 gal. (8900 L) of fresh water and 1.2% D-28 retarder—was pumped 
into the casing. Next, 2100 gal. (7900 L) of 16.6-ppg cement slurry was 
pumped in, consisting of 950 sacks of Class H cement, 6050 gal. (22 900 L) 

0.75% D-65 turbulence enhancer, 0.6% L-10 and 1.2% D-28 retarders— 

13Of course, considering the numerous holes and splits near the bottom of the 
13 3/8-in. casing, which provided ample communication between the annulus 
and the loss zones in the Sandia Formation, pressure buildup should hardly 
have been a concern.
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 Next, the wiper plug was released from the cementing head and displace-
ment water was pumped down the casing. The volume needed to displace 
the cement out of the casing and up the annulus to the stage collar had been 
calculated as 31 500 gal. (119 000 L); but because the system pressure had 
risen to 3300 psi (22.8 MPa), the most water that could be pumped in was 
29 500 gal. When the casing pressure was released, about 400 gal. of water 

(6400 L) of cement remained in the bottom 650 ft (200 m) of casing.
 The stage-collar-opening bomb was dropped, and 40 minutes later the 
pumping of 80 gal. of water at a pressure of 1200 psi (8.3 MPa) opened the 

the annulus, the rig pump circulated water down the casing and through 
the stage collar until cement was detected at the surface, and then until the 
return water became clear. A temperature survey followed: the tool was run 
down inside the casing to a (wireline) depth of 7282 ft (2220 m), where 
it encountered the stage-collar bomb (which was blocking the casing), 

which depth a 2-hour dwell measurement yielded a temperature of 138°C 
and a recovery rate of 0.1°C/h. A period of 72 hours was allowed for setting 
of the cement. 

 Note: A cement-bond log run several months later, after completion of 

considerably lower than the planned depth of 3000 ft. The literature offers 
no explanation for this discrepancy.

 The hydraulic casing-tensioning jacks were now activated by high-

15 000 psi (103 MPa), then the wellhead slips were adjusted and the 
hydraulic system and casing jacks were tested. Next, the casing jacks 
were attached to the upper landing joint of casing and were cycled up and 

the pipe was neither in tension nor compression) down to about 6440 ft 
(1960 m), with about 3 ft (0.9 m) of stretch retained. Finally, the wellhead 
slips were set in the casing head. 
 The cement for the second stage, a perlite-lightened cement slurry, was 
tested and mixed by Dowell personnel; the volume was carefully calcu-

(pH-12) water, followed by an 840-gal. spacer of fresh water containing 
2% D-28 retarder, 16 100 gal. (61 000 L) of slurry was pumped down 
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the casing. The rubber top wiper plug was then released and displaced 
with 21 700 gal. (82 200 L) of water having a pH of 11–12. An increase 
in the pumping pressure to 3100 psi (21 MPa) indicated that the plug had 
reached the stage collar; when the surface pressure was released and only 

the stage collar had closed. 
 The upper 3000 ft of casing (above the second-stage cemented zone) 
was now further pre-tensioned. Three loading cycles, the last of which 
attained 885 000 lbf (3.94 × 106 -

stage cementing, the total casing stretch was now about 8 ft (2.5 m). The 
wellhead slips were set in the casing landing spool, and the top joint was 
cut off 5 ft (1.5 m) above the wellhead. When the jacks were lowered, the 
measured loss of casing stretch was only a little over an inch.
 The cement was allowed to set for 72 hours, after which the wiper plug 
and the cement remaining in the casing above the stage collar were drilled 
out with a steel-tooth bit. Following high-viscosity-gel sweeps to clean 
out the cement cuttings, the cement plugs below the casing shoe were 
drilled out from 10 397 to 11 241 ft (3169 to 3426 m). Soft cement—and 
considerable amounts of black gunk—were encountered, prompting a 
second gel sweep of the hole. Cement-bond logs showed possible weak 
bonding between 10 082 and 10 296 ft (3073 and 3138 m) and good 
bonding elsewhere. But these results turned out to be unreliable because 
of improper centering of the logging tool, and new logs would be needed 
before the start of fracturing operations. 

solution, and a clean-water rinse. The EE-3 borehole was completed on 
August 25, 1981 (Fig. 5-12). 
 Unfortunately, as discussed in detail below (see 

, p. 312), no attempt had been made to validate the 
EE-3 casing setting depth of 10 374 ft. Although the casing and cementing 
programs were very well engineered, they did not take into account the 
possible presence, below the selected casing setting depth, of low-pressure 
joints associated with the Phase I reservoir. Nor was there any "contingency 
plan" for such a possibility. 
 Finally, the completion plan did not call for pressure-testing the casing 
shoe after cementing—a standard procedure in borehole completions. 
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Fig. 5-12. Diagram of the completed EE-3 borehole following running and 
cementing of the 9 5/8-in. casing.
Adapted from Rowley and Carden, 1982 
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Equipment and Materials: Performance in the  
EE-3 Borehole

Rotary Drilling Assemblies Used in the Crystalline Basement
As was the case for EE-2, most of the drilling of the EE-3 borehole in the crys-
talline basement was done with rotary drilling equipment incorporating TCI 
button bits. The hole was stabilized and reamed with 6-point and 3-point roller 
reamers (smooth-faced TCI rollers could be installed when wall contact was 
desirable for stabilization, and knobby TCI roller-cutters could be installed for 
reaming). These reamers are very effective in granitic rock, and their rotating 
rollers also act as bearings between the BHA and the borehole wall.
 In addition, all of the rotary BHAs included a near-bit roller reamer to keep 
the hole from narrowing too rapidly as the bit wore down in the very hard and 
abrasive drilling environment. If, during directional drilling, the inclination of 
the borehole needed to be increased, a standard "fulcrum"-type angle-building 
assembly was used (but these assemblies typically caused the borehole trajec-
tory to drift toward the north at unpredictable rates).
 The section of the 12 1/4-in hole between 2552 ft (the bottom of the  
13 3/8-in. casing) and 6444 ft was drilled with angle-maintaining assemblies. 
The drilling plan called for this section to be straight, and the upper portion 
was; but the lower portion deviated somewhat toward the northwest because 
of heterogeneities in the crystalline rocks. Even though the angle-maintaining 
assembly was very stiff, bit load had to be reduced to keep the inclination 
from increasing too quickly. By the 6444-ft (1964-m) depth—the kickoff 
point for directional drilling—the inclination had reached 10°.
 At the kickoff point, downhole motors were employed to change the 
azimuthal direction of the borehole from northwest to northeast. Because 
the TCI bits on these motors wore and lost gauge very rapidly, it was almost 
always necessary to use rotary reaming assemblies to bring the hole back 
into gauge. These reaming assemblies were also very stiff, angle-maintaining 
assemblies (allowing a similar stiff assembly, if needed, to be used directly in 
the next rotary drilling run).
 Following the sidetracking of EE-3, angle-building and downhole-
motor runs were alternated, the angle being controlled via a single 6-point 
reamer (it was assumed that an angle-maintaining assembly was no longer 
necessary in the 12 1/4-in. portion of the hole). Below 10 200 ft (3109 m), 
however, where the inclination had to be increased more quickly, the  
6-point reamer was replaced with a 3-point reamer (with an extension sub 
between the bit and the bottom reamer). Unexpectedly, this assembly did not 
increase the angle by more than 1 1/2°/100 ft, comparable to the rate in EE-2 
at similar depths—illustrating again the effect of variations in the fabric of 
the Precambrian basement on the progress of directional drilling. Even so, the 

inclination of 
34 1/2° and an azimuth of N73E at a drilled depth of 13 933 ft.
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 For the most part, the rotary drilling assemblies used in EE-3 performed 
as designed, but the rates at which they changed inclination were neither 
predictable nor easy to control.

Downhole Motors 
The performance of the directional-drilling assemblies used in EE-3 is 
summarized in Table 5-6. The major reasons directional runs were aborted 
were, in order of frequency, failure of the steering tool; wearing of the 

-
sionally, even when the motor was properly oriented. In EE-3, the cause 
of this problem was usually a too-tight hole (because of sharp directional 

bottom with the motor, or to begin motor drilling in a series of short runs 
(a bit-length each) while rotating the azimuth in small increments until the 
motor was correctly oriented.

Table 5-6. Performance of directional drilling* assemblies used in the  
EE-3 borehole

Motor
type

Diameter 
of motor,
in. (mm)

Total number
of runs 
attempted

Number 
of runs
drilled

Average 
run  
length,  
ft (m)

Average rate  
of penetration 
per run,  
ft/h (m/h)

Average 
duration
of run 
(h)

Maurer T7 7 3/4
(197)

17 14 43.3
(13.2)

 12.7
(3.9) 3.4

Maurer T5 5 3/8 
(137)

8 5 59.3
(18.1)

28.2
(8.6) 2.1

Navidrill
PDM

8
(203)

10 9 62.2
(19.0)

14.8
(4.5) 4.0

Dyna-Drill 
PDM

7 3/4
(197)

8 8 59.6
(18.2)

10.8
(3.3) 5.5

Baker PDM 6 3/4
(171)

5 4 98.5
(30.0)

7.0
(2.1)

14.0

*excludes sidetracking operations
Source: Rowley & Carden, 1982

 As shown in the table, the three PDMs performed about equally well. 
The Baker motor, which ran the longest, averaged a drilled distance equal 
to three joints of drill pipe—considerably longer than that achieved by the 
Maurer turbodrill. Having the lowest rpm and highest torque characteristics 
of the three, the Baker motor delivers longer bit life; on the other hand, its 
lower rpm translates to a lower penetration rate. 
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 The Maurer high-temperature turbodrills in general operated very satis-
factorily. The larger, 7 3/4-in.-diameter motors, which were used in the  
12 1/4-in.-diameter hole, were successful in 14 of 17 drilling runs; of the three 

bearings, and one by stalling of the motor under tight-hole conditions. 
 The smaller, 5 3/8-in.-diameter Maurer turbodrills, which were used for 
eight directional drilling runs in the 8 3/4-in.-diameter section of the bore-
hole, performed very well. (These tools had been tested in EE-2 as well as 
in the laboratory, with a view to employing them in EE-3.) The last three of 
the eight runs had to be aborted, but it was because of failures of the EYE 
steering tool. Had these runs succeeded, the deepest part of the hole would 

it became clear that excessive bit wear, bit liftoff, and "runaway" turbine 
speeds could be controlled with a high bit load (20 000–25 000 lb), opera-

bit cones that had been caused by the turbodrill spinning off bottom—as 
though the bit had run up against a high-speed grinding wheel—was no 
longer encountered when bit load was increased. Further, although prob-
lems had been anticipated in keeping the bit load consistent and in control-
ling the speed of the turbodrill, these did not materialize. A steady rate of 
penetration was maintained at rotational speeds of 350–450 rpm.

Drilling Fluids System

-
ence with the earlier boreholes (GT-2, EE-1, and EE-2). A large reserve 
pond, having a surface area of approximately half an acre, was used to cool 

surface area cooled the water effectively, but it also enhanced exchange 
of oxygen; for this reason, large quantities of oxygen scavenger (ammo-

to reduce the oxygen content and thereby the potential for corrosion. To 
further reduce this potential, a basic pH (9.5–10.5) was maintained. Scaling 
was controlled with a phosphonate compound that removed the cations 
available for precipitate formation. Monitoring via corrosion coupons 

keep corrosion to a minimum.
-

talline basement arose mainly from the extreme abrasiveness of the rocks 
being drilled and the high temperatures encountered (up to 280°C). In 

crossed several open joints that had previously been pressure-stimulated in 
the deeper region of the Phase I reservoir. The combination of the inclina-
tion of the hole (as great as 35° from vertical), the use of plain water as 
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-
ness of the basement rocks created special problems with excessive torque. 
Reducing friction on the drill string and the BHA was extremely important 
under these conditions. 
 Several methods of friction reduction were evaluated and tested. The best 
candidate appeared to be a biodegradable, water-soluble chemical. Several 
types were tested in the laboratory, only two of which were found suitable 
for downhole testing (an additional constraint being the high temperatures 
to which the substance would be subjected). Torq-Trim II, a mixture of 

was also susceptible to thermal degradation; at higher temperatures (greater 
than about 190°C), it was effective only temporarily and had to be continu-
ally replenished. With its use, wear on the drill string and on surface equip-
ment was reduced, and higher loads could be placed on the cutting surfaces 
of the bit. When thermally degraded, the Torq-Trim formed a thick residue 
that combined with drill cuttings and other residue to form a heavy, black 
"gunk" that coated the BHA, the logging tools, and the borehole walls.  
To reduce buildup of the black gunk, a surfactant (detergent) was used to 

Drill Pipe and Drill Collars 
During the drilling of EE-3, the number of drill-string failures and twist-
offs (the parting, separation, or breaking of a joint of drill pipe by torque or 
tension) was four times higher than during the drilling of EE-2. 

-
nition of twist-offs. These were "washouts," all but one of them in the 
threaded-connection areas of drill collars in the BHA. (A washout is the 
slow erosion of the metal in the threaded connection by pressurized drilling 

drill-collar washout was in a joint of drill pipe.
 Five true twist-offs occurred during drilling operations, compared with 
none during the drilling of EE-2. It was the second of two twist-offs in the 
body of the 5-in. (127-mm) drill pipe that led to the longest of the EE-3 

of the borehole). Following this second twist-off, the 5-in. pipe—which 
was fatigued from its use in both EE-2 and EE-3—was withdrawn from the 
hole. Examination of the two breaks in the pipe revealed severe corrosion 
pitting, and detailed post-failure analysis pointed to fatigue as the cause of 
the breaks. The other three twist-offs occurred in the 4 1/2-in. (114-mm) 
drill pipe that replaced the 5-in. drill pipe; all three were caused by cracking 
of the threaded pins on the tool joints. 
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 Finally, two failures were caused by tension on the drill pipe that caused 

at loads well below the API minimum tensile strength—which is typical 
of weakening due to corrosion. Thirty-one days were lost to the retrieval 
operations necessitated by this failure. The second involved a tool joint on 
the 4 1/2-in. pipe that failed as a connection was being made: apparently the 
threaded pin on the upper section of drill pipe cracked and the connection 

 In an attempt to prevent further drill-string failures in EE-3, two reme-

4 1/2-in. drill string was procured and maintained on site so that drilling 
could continue with one string while the other was being inspected. The 
latter practice saved 4 1/2 days of the 5–6 days' downtime usually required 
for drill-string inspection. In addition, with more time available, the inspec-
tion could be done more carefully, increasing the likelihood that problems 

inspection of the pins and boxes of each drill-string joint as it was being 
added. Three cracked pins were discovered in this way.
 The higher frequency of drill-string failures in EE-3 was probably due in 
part to the accumulative fatigue of the 5-in. drill pipe (from earlier opera-
tions) and in part to the greater number and severity of doglegs (Fig. 5-13). 
Sharp s-curving, such as that created in the 6500- to 7200-ft (1980- to 
2195-m) interval and in the 9700- to 10 500-ft (2960- to 3200-m) section 
of the original EE-3 borehole, was particularly bad. (Once a borehole in  
crystalline rock has become crooked, tight spots can be alleviated but 
straightening by reaming is nearly impossible.) 
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Elastomer Seals 
The elastomer seals used did not withstand high temperatures well. Many of 
the seals in components of the BHA failed or degraded rapidly at tempera-
tures greater than about 165°C, leading to numerous equipment failures. 
One of the most frequently encountered failures of this type involved the 

the drill pipe, as can happen when a joint of pipe is added to the drill string. 

back up into the BHA, often plugging the downhole motor or the drill 
collars. Clearing of such plugging usually cannot be done by the rig pumps, 
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but requires withdrawal of the BHA, a trip to a distant repair shop, dis- 
assembly, cleaning and rebuilding of the motor, and rerigging of the steering 
tool—an expensive and time-consuming process.

replaced with test seals made of a material resistant to high temperatures. 
After testing of several prototypes from various elastomer suppliers, an 
EPDM (ethylene-propylene-diene monomer) seal gave good results in the 
Los Alamos autoclave for 30- to 40-h simulated rotary-drilling runs and 
for 3- to 5-h simulated turbodrill runs—both at temperatures of at least 

-
drill—to provide redundancy in the case of seal failure.

Corrosion Control Additives 
Efforts to control corrosion were complicated by several factors: the high 
temperatures, the high torque and drag, and the large volumes (630 000 gal. 

-

and maintenance of a basic pH (10–11).
 In the later stages of the EE-3 drilling operation, the sulfur compounds 

when the sulfur combined with anaerobic bacteria in the bottom slime of 

reserve pits—low oxygen content, warmth, organic residues (from the fric-
tion reducer and gel sweeps) were ideal for the growth of these bacteria. 
To solve the problem, the pits were dredged, treated with biocides and iron 

Observations from the Drilling of the EE-3 Borehole

Sidetracking in Basement Rock

inclined borehole in granitic rock if sidetracking from the high side of the 
hole is mandated (as it was in EE-3, to retain a high-angle trajectory). In 
this regard, oil-industry drilling experience proved to be of little use—and 
may even have been detrimental: it took more than three months for the 
contract drillers to realize that for high-side kickoffs in hard granitic rock, 
drilling off of cement plugs is the wrong approach. The result was not only 
wasted time, but the loss of several million dollars. 
 Drilling out the high side may work well in the soft to medium-hard 
sedimentary formations in which most oil drilling takes place; but it is ill-
advised in crystalline basement rock, particularly if the angle of departure 
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from the original borehole is critical. In the case of EE-3, the requirement 
to drill from the high side was both unreasonable and unwarranted: this 
borehole could easily have been sidetracked out the low side—without the 
use of a whipstock—just as GT-2 had twice been successfully sidetracked 
at about the same depth. In addition, with the technique used in GT-2 there 
would have been little (if any) loss of inclination. Directional drilling could 
have been employed to realign the diverted borehole with the trajectory of 
the abandoned portion.

Drilling Through Severe Lost-Circulation Zones
The best of the then-available methods for handling severe losses of circu-
lation—rapidly drilling ahead without returns and then running casing as 
soon as possible—was employed during the drilling of EE-3. However, as 
executed, it was not a "polished" procedure. The contract drilling supervi-
sors had adequate knowledge (from the earlier drilling of boreholes GT-2, 

about 1900 ft, and for that reason they planned to control the sloughing and 
swelling of the clays and shales above this zone by casing them off before 
circulation was lost. The plan was to set the surface string of 20-in. casing 
just above 1900 ft, to cover these unstable sedimentary intervals while full 
returns were still being achieved. And in fact they managed to drill the 
26-in. hole to 1923 ft with full circulation before the loss zone opened up 
at 1894 ft, with massive and uncontrollable lost circulation; but through a 
series of errors in execution of the plan, the surface casing string ended up 
at a depth of only 1580 ft—much higher than intended. As a result, almost 
300 ft of soft shale and siltstone was left exposed, to cave and swell as 
drilling proceeded (without returns) through the Sandia Formation and then 
about 200 ft into the granitic basement.

 Note: Expandable metal liners, such as those now available from  
Weatherford, would have offered an even better solution to sealing off 
the zones of severe lost circulation in the Madera and Sandia formations. 
The two principal loss zones above the granitic basement could have been 
sequentially "cased off" full-diameter with short lengths of expandable liner, 
avoiding the more hazardous method of drilling ahead without returns. For 
example, the 20-in. casing could have been set at about 1880 ft and then a 
17 1/2-in. bit used to drill through the higher loss zone until the "bottom fell 
out of the hole." The subsequent placement of a short (40–50 ft) section of 
expandable liner, extending below the bottom of the 20-in. casing, would 
have covered and sealed the loss zone, restoring full circulation. The deeper 
loss zone, at about 2380 ft, could have been sealed off in the same way, 
allowing the hole to be drilled ahead into the crystalline basement with full 
returns. In addition, use of expandable metal liners would have allowed a 
much better cement job, because the cement could be circulated all the way 
from the bottom of the 13 3/8-in. casing up into the 20-in. casing. 
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Time Spent in Drilling-Related vs Remedial Operations 
As shown in Table 5-7, the two major problems encountered during the 

operations could not retrieve 140 ft of the BHA)—occupied 235 days, over 
half of the 461-day EE-3 drilling campaign.

Table 5-7. Time spent on principal activities during the drilling of EE-3
Activity Incremental time (%) Cumulative time (%)

Drilling-related 
   Drilling
   Tripping drill pipe
   Reaming
   Directional drilling
   Pipe inspection
   Circulating and surveying 

12.1
15.1
2.6
2.9
1.5 
4.2

38.4

Remedial operations related to
   Sidetracking
   Fishing
   Lost circulation
   Failures of directional-
   drilling tools
   Fluids system problems 

 
21.2
22.2
1.2
3.8

1.8

50.2

Casing-related
   Running casing
   Circulating to cool
   Cementing

1.6
1.5
2.4

5.5

Logging 1.2

Other activities 4.6

Phase II Drilling: Summary and Conclusions

Directional Drilling Program
The drilling of the deeper portions of the Phase II boreholes represented, 

undertaken in hot, crystalline basement rock. At the same time, a review 
of the literature on these drilling campaigns makes it apparent that they 

time directional drilling in deep, hot granitic rock had been accomplished" 
appear frequently, as if accomplishments of this kind were principal objec-
tives of the HDR Project—which they most certainly were not. Seeing the 
very tight tolerances on the drilling of EE-3, one would assume that the 
designers of the effort were fully knowledgeable concerning the jointed 
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crystalline basement in the deep reservoir region, but this was not the 

discussed in the following chapter, had EE-2 instead been drilled essentially 
vertically, the target temperature (275°C) could have been attained in half 
the time and at a much lower cost—without affecting the ultimate develop-
ment of the Phase II reservoir. 

Drilling Supervision
The most outstanding issue with the drilling of the Phase II boreholes was 
the less-than-capable drilling supervision. The contract managers assigned to 

the operation) did not have the necessary technical background and were not 
adequately experienced in such complex drilling operations. A number of the 
miscalculations and poor decisions that ensued had serious consequences:

Because of the error made when adding up the joint lengths of the 
13 3/8-in. intermediate casing string in EE-2, when the casing landed 
hard on the bottom of the hole, the drilling managers believed it to 
be 100 ft short of bottom (and thus mistakenly interpreted the hard 
landing as an encounter with an obstruction). Worse, an error in 
simple addition was not even checked for; instead, the casing was 
repeatedly rammed into the bottom of the hole, to force it through the 
"obstruction," until it collapsed. It is not known to this day when the 

Once it was realized that the situation with the collapsed casing was 
becoming untenable, remedial action should have been taken: an 
additional casing string should have been run and cemented in place. 

knowledge (due to lack of drilling experience) of this common and 
proven technique for handling severe hole problems. As a result, 
nearly all subsequent drilling operations in the crystalline basement 

The Laboratory had previously developed methods for sidetracking 
in deep, hard crystalline rock and had already used these methods 
successfully—twice—in GT-2. The failure to understand and make 

suitable only for softer sedimentary formations (repeated attempts to 
sidetrack off of cement plugs) resulted in the loss of over two months 

A number of tool-joint failures and/or twist-offs—several of which 
-

equate drill-pipe inspection program (inspections should have been 
more frequent as well as more comprehensive). 
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Drilling Fluids Program

from that developed for GT-2 and EE-1, was based on the assumption that 
-

spect, this decision was not altogether appropriate and should have been 
-

able (early 1980s) and the actual results from the drilling of the Phase I  

experience with drilling in hot, hard rock.) 
 Given the following observations, it appears that a better choice would 
have been a mixture of clays (bentonite and other higher-temperature clays) 

before reuse. 

of regrinding of the cuttings was taking place at the bottom of the hole 
before they were eventually circulated to the surface.
2. The excessive wear on the near-bit reamers also indicated considerable 
regrinding of cuttings.

have been hydrothermally altered, suggesting to Laboratory geologists 
that a number of altered fractured zones had been drilled through, partic-
ularly in the deeper parts of EE-2. In contrast, petrographic analyses 
of drilling chips from the later (1985) redrilling of the lower portion of 

used—revealed no such hydrothermal alteration; in addition, the drilling 
chips were much larger than those from EE-2. This evidence strongly 
suggests that the EE-2 cuttings were hydrothermally altered 
the actual drilling process rather than originating from hydrothermally 
altered zones in the basement rock.

-
larly for cleaning the hole, had long been recognized in the oil industry and 
would have markedly facilitated the task of directionally drilling the Phase II 
boreholes. The cuttings would have been much better suspended in the high-
viscosity drilling mud, and thereby transported to the surface almost at the 

from accumulation of the cuttings at the bottom of the hole (and the conse-
quent severe wear on the near-bit stabilizers and other components of the 
BHA). In addition, the cuttings would not have remained at the bottom of 
the hole long enough to undergo the hydrothermal alteration that so 
confused the geologists and thus led to erroneous conclusions. 
 Besides reducing equipment costs (fewer reamer runs would be needed 
before drilling ahead, and reamer assemblies would need less frequent 

also have reduced the wear and abrasion of the drill string so evident 
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during the drilling of EE-2 and EE-3 (and by thus eliminating the need for 
Torq-Trim, it would also have eliminated the "black gunk" problem). 

The "Incomplete" Completion of EE-3 
The way in which EE-3 was completed—precluding any use for the borehole 
other than that of a low-pressure production well—would  drastically alter
attempts to develop the Phase II reservoir.
 In August 1981, following the drilling of EE-3, the HDR Project manage-
ment's view of how the Phase II reservoir would develop was uniformly 
optimistic: A series of vertical "fractures" would be sequentially driven from 
EE-2 to intersect EE-3 above. In other words, the prevailing view was based 
on the same strategy that had not worked during development of the Phase I 
reservoir—the only HDR "data point" then available. Despite the failure of 
the numerous attempts to connect EE-1 to GT-2 (or GT-2B) by hydraulic frac-
turing during Phase I, it was still assumed that the Phase II reservoir would 
develop in line with the presupposed theory. Thus, EE-3 was completed as 
a high-temperature production well, involving several stages of cementing 
and sequential tensioning of the casing that ruled out any alternate use.  
A less "robust" temporary completion would have allowed for other options. 
For example, it would have enabled EE-3 to serve as an injection well or to 
be used for repeated pressure-stimulation of the envisioned joint connections 
from EE-2 (to reduce the near-wellbore outlet impedance)—which would 
have made the next several years' work much easier. 
 Further—and most important—the decision to set the bottom of the casing 
at 10 374 ft did not consider the possibility that open joints from the Phase I 
reservoir might extend below that depth—even though the partial loss of 
circulation only about 350 ft higher up had alerted the drilling supervisors to 
this possibility. It would have been relatively easy to pressure-test the region 
below the planned casing setting depth before proceeding with the comple-
tion: a Lynes inflatable packer rated for moderate temperatures and pressures 
was available, and had it been employed, the presence of a low-pressure 
joint connection to the borehole below 10 374 ft would have been quickly 
revealed. The EE-3 casing could then have been set deeper! 
 Alternatively, EE-3 could have been completed simply with a scab liner 
and frac string, which could be replaced or modified later to allow stimulation 
of EE-3.

_________________________

 With the completion of the Phase II drilling program, after almost 
two and a half years of work, the stage was finally set for the sequential 
hydraulic fracturing tests in EE-2 that, it was anticipated, would create 
multiple hydraulic connections between the two boreholes. 
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the Phase II Reservoir

EE-2 and EE-3 boreholes complete, in early 1982 the critical next step in the 
development of the Phase II reservoir began. Recall that at this time, the theory 
that a penny-shaped, vertical hydraulic fracture could be created in jointed base-
ment rock still held sway with the HDR Project management (although many of 
the Project staff had by then abandoned it). This, of course, was why the lower 
portions of EE-2 and EE-3 had been inclined 35° from the vertical by costly and 
time-consuming directional drilling, with EE-3 terminating about 1200 ft verti-
cally above EE-2. Mort Smith, in his Abstract for the 1982 Annual Report (HDR 
1983b), stated that "During Fiscal 1982, emphasis in the Hot Dry Rock Program 
was on development of methods to produce the hydraulic fractures required to 
connect the deep, inclined wells of the Phase II system at Fenton Hill."
 One of the most profound lessons that would be learned from the HDR Project 

already-drilled boreholes by hydraulically fracturing between them. It is far better 
to develop a large pressure-stimulated region near the bottom of one borehole 
and  drill the second borehole through the seismically delineated region to 

Summary: The Development of the Phase II Reservoir 
 The events covered in this chapter—the attempts to create an open, 
jointed reservoir region connecting the Phase II boreholes, by sequentially 
pressure-stimulating each; the eventual redrilling of the EE-3 borehole 

of the deeper HDR reservoir and represent by far the steepest part of the 
"learning curve" in HDR reservoir engineering. 
 On the basis of the joint structures encountered during development 
of the Phase I reservoir, it was assumed that the principal joints in the 
Phase II region, just below, would have the same orientation—essentially 
vertical and striking northwest (the "Phase II assumption"). But this was 
a mistaken assumption. The principal—i.e., the more continuous—joints 

and therefore had much higher opening pressures.
 The project managers were convinced (on the basis of the "penny-shaped 

opened deep in EE-2 and then driven vertically upward to intersect EE-3. 
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cemented deep in EE-2 and several pressurizations (Expts. 2011, 2012, 
and 2016) were carried out in the 447-ft open-hole interval below the liner. 
Although no hydraulic communication was established with EE-3—even 
after the injection of almost 1.3 million gal. of water during Expt. 2016—
there were seismic indications that a large, pressure-stimulated region 
had been created around and above the bottom of EE-2. In section view, 
the poorly located microseismic events were concentrated in a relatively 
thin tabular region dipping to the west at about 45° and passing  the 
bottom of EE-3. 

project management: After only three weeks of serious testing of the bottom 
of EE-2, they decided to sand up and abandon some 3300 ft of the lower 

achieve a connection by whatever means, they decided to abrogate the care-
fully conceived plan for developing the reservoir by methodically isolating, 
and then pressurizing, higher and higher regions of the EE-2 borehole. 
Instead, they carried out three increasingly large stimulation tests in EE-2, 
from just below the casing shoe at 11 578 ft (the only interval of the open 

or another cemented-in liner). The top of this interval was isolated by both 
the cement behind the casing and a high-temperature casing packer set just 
above the shoe, while the bottom was isolated by the top of the sand plug at 
12 060 ft (later raised to 11 648 ft—leaving only 70 ft of open hole). 
 In December 1983 the last of these tests, referred to as the Massive 
Hydraulic Fracturing (MHF) Test, created a very large, ellipsoidal volume 
of induced seismicity (referred to as a "seismic cloud"). Unfortunately, one 
of the major axes of this cloud was essentially co-linear with the trace of the 
EE-2 borehole, and the growth of the cloud toward EE-3—the direction of 
the minor axis—was minimal. Thus, none of the numerous joints pressure-
dilated during the MHF Test intersected the EE-3 borehole above. Indeed, 
because these joints were nearly aligned with the boreholes, it turned out 
that EE-2 and EE-3 had been drilled in the worst possible direction for 
hydraulic "fracturing" to establish a connection between them. (Of course, 
had it been known at the time that the pressure-opened joints would be 
inclined rather than vertical, the boreholes could have been drilled verti-
cally—which not only would have improved the chances for a connection, 
but would have been easier and cheaper.) 
 A large stimulation test (Expt. 2042) carried out in EE-3 in 
May 1984 also failed to connect the boreholes. Finally, from April 
through June of 1985, EE-3 was directionally redrilled through the 

nascent Phase II reservoir was at last achieved.
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Hydraulic Fracturing Tests Near the Bottom of EE-2

The information on this period is adapted from HDR Geothermal Energy 
Development Program (1983b) and Matsunaga et al. (1983).

Preliminary Operations
In November 1981, in preparation for fracturing operations in EE-2, a 
cleaning rig (Brinkerhoff-Signal rig No. 78) was mobilized to remove the 
thick coating of "black gunk"1 that had accumulated on the walls of the 
borehole below about 5000 ft. Two treatments with a commercial detergent, 
followed by a Hydrojet wash with fresh water, removed this coating and left 
the hole clean.
 During January and February of 1982, pressurization tests were carried out 
to measure the permeability of the very long open-hole intervals in EE-2 and 
EE-3 and to identify any open joints. Experiment 2003 (January 6, 1982), 
conducted at a nominal pressurization rate of 9 gpm, showed EE-2 to be 
extremely tight: wellhead pressures of up to 2070 psi (14.3 MPa), maintained 

pressurization of EE-3 (Expt. 2006) to a maximum of 1480 psi (9.9 MPa) 
opened (or reopened) a joint at 10 394 ft, just below the casing shoe at 
10 374 ft, leading to a rapid loss of water into the Phase I reservoir region. 
Temperature logging revealed that this joint extended downward along the 
borehole about 240 ft, suggesting an essentially vertical feature. 

 Note: 
create a number of problems in the months ahead. As noted in Chapter 5, 
the production casing string in EE-3 should never have been landed so 
close to the Phase I reservoir region. Because circulation had been almost 
totally lost at a depth of 10 017 ft during the drilling of EE-2 (October 2, 
1980), and there was no assurance that the joints pressure-stimulated within 
the Phase I reservoir did not extend down another 400 ft or so, the region 
around the proposed EE-3 casing landing depth—about 10 400 ft—should 
have been pressure-tested  the production casing was run. 

On the basis of the extensive pressurization testing carried out during the 
development of the Phase I reservoir, it was assumed that a similar pressure-
stimulation environment would exist near the bottom of EE-2 (from about 
14 900 to 15 100 ft)—i.e., that moderate pressures (about 2500 psi) would 

1This material was mainly the thermal-degradation products of an organic lubricant 

drill pipe protectors, drill cuttings, and metal particles.
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hydraulic fracturing behavior of the rock mass surrounding the bottom of 
the EE-2 borehole and then to establish hydraulic communication with the 
EE-3 borehole above. 
 First, a commercial Hydrojet tool (usually used to sever casing) was used to 
"notch" the EE-2 borehole 17 ft off bottom (at 15 272 ft). This circumferential 
notch was intended to serve as an initiation point for a hydraulic fracture, but 
there is no evidence that it actually affected subsequent fracturing behavior. 
 On May 2, 1982, after the EE-2 borehole had been cooled by circulating 

of 225 000 lb of string weight holding the packer down, the pressure was 
further increased—reaching between 2700 and 2800 psi. At this point, it 
appears that the shear-pinned bull plug at the bottom of the packer assembly 
blew out; the shut-in pressure dropped to 2250 psi. There was no indication 

308-ft packed-off open-hole interval below the packer. Pumping was then 
resumed—until annular2

When the packer was recovered from the borehole, inspection revealed 
major blow-out damage on the lower part of the packer element.
 The second Lynes packer test was conducted on May 6, after the hole 
had undergone further cooling by circulation. For this test the packer was 

of string weight holding down the packer, the annulus above was pressur-
ized to about 2000 psi. When the injection pressure reached 4550 psi, after 

-

evidence, either seismic or in pressure behavior, of the opening of a joint in 
the open-hole interval, despite pressures reaching at least 4500 psi. 
 Even though measures had been taken to cool the borehole from an initial 
temperature of 327°C, the wall temperature at the bottom of EE-2 was still 
high enough to damage the rubber packer materials. In addition, it was

2Throughout this chapter, the term "annulus" or "annular" refers to the space 
between the tubing being used for pressurization (frac string or drill pipe) and 
the surrounding borehole wall or deep 9 5/8-in. production casing, whichever 

into the annular space—were encountered repeatedly. 
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now apparent that pressures higher than those for which the packers were 
designed would be required to hydraulically fracture the borehole. For these 

to hydraulically fracture the lower part of EE-2 would be carried out with a 
much better mechanical sealing assembly: a cemented-in scab liner. 

Fracturing Attempts with a Cemented-in Scab Liner 

sand and bentonite, a 4 1/2-in.-diameter, 292-ft-long liner was run in and 
landed at 14 842 ft, 447 ft off bottom. The liner was then cemented in, the 
cement remaining in the liner bore was drilled out, and the sand mixture was 

receptacle (PBR) into which a mandrel—equipped with a seal assembly and 
installed at the end of the drill pipe or pressure tubing—could be inserted. 
With this high-pressure yet movable3 coupling, the PBR assembly would 
enable the open-hole interval below the liner to be isolated and pressurized 
from the surface without affecting the pressure in the annulus above the liner. 
 For the cementing of the liner, two cement formulations were tested in 
a Laboratory autoclave under simulated downhole conditions. These tests 
showed that the kinetics of setting and curing were sensitive not only to 
temperature at the time of emplacement but also to the rate of temperature 
recovery after emplacement. A Class H cement formulation with 40% silica 

batch was pumped to the appropriate depth in EE-2 and retained in a section 
of pipe until it had set and cured. The cement performed satisfactorily during 
pumping, and when it was later brought up out of the hole and examined, its 
properties were found to be adequate. The liner was successfully cemented 
with this formulation (Fig. 6-1). 

3The seal assembly could move up and down within the long PBR, compen-
sating for tubing and drill-pipe expansion or contraction during injection or 
pressurization.
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Fig. 6-1. The cemented-in scab liner assembly used to isolate the bottom 
447 ft of the EE-2 borehole for Expts. 2011, 2012, and 2016 (vertical 
section projected onto N55E plane). 

 On May 30, 1982, the hydraulic fracturing experiments began with 
Expt. 2011. A Dowell pump truck was employed to gradually pressurize 
the open-hole interval below the liner at a rate of about 0.4 BPM. At 
the same time, to reduce the differential pressure across the PBR seal 
assembly, the annulus above the liner was pressurized to about 2000 psi 

-

injection-pressure equilibrium at 5500 psi (the pressure required to extend 
pressurized joints at a low injection rate). Following numerous shut-

stabilized at about 5 BPM (200 gpm) and thereafter continued for about 
11 hours—until further problems with the pumping equipment forced 
an end to the experiment. During this time, 3300 bbl (140 000 gal.) was 
injected at pressures up to 7200 psi and injection rates up to 6.3 BPM. The 
seismicity produced during Expt. 2011 is shown in Fig. 6-2. 
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 In plan view, this seismicity appears as a northwest-trending "blob" 
surrounding the EE-2 injection interval. In the accompanying section 
view, with the events projected onto a N26E-striking vertical plane (corre-
sponding to the dotted line A–B in the plan view), the seismicity appears 
distributed in an arcuate pattern having its center at about the geophone 
location in EE-1.4 
 The next experiment, No. 2012, began at 10:00 on June 4 and continued 
through shut-in at 2:00 the following day. It involved a much larger volume 

well as a chemical friction reducer, pumped in from a blender truck, to allow 
injection rates of 10 BPM or more without exceeding the pumping pressure 
limit. Because the PBR seals had withstood a differential pressure of over 
5000 psi during Expt. 2011 without leaking, it was decided not to pressurize 
the annulus, but instead to leave it open and to monitor it. After beginning at 
5 BPM, the injection rate was stepped up to 8 BPM and then to 11 BPM, at 
an injection pressure of 6000 psi. Friction reducer was added to the injection 

rate was increased to 20 BPM at a pressure of about 6200 psi. 
 Microseismic events began to be detected at about this same time (it was 
postulated that the prior 4 1/2 hours had been simply a period of aseismic 

events are shown in Fig. 6-3, in both plan and section views (the latter, a 
projection onto a vertical plane striking N72E). Oddly, at these higher rates 
of injection the located events were more sparse than during the lower-rate 
injection of Expt. 2011, with some of the events occurring below the EE-2 
injection interval—indicating growth in that region (see the section view). 
It is possible that the lower number of locatable events was due to poorer 
coupling of the geophone package5 in EE-1 during this experiment than 
during Expt. 2011.

4This particular distribution pattern was later referred to by Rob Jones, then of the 

well have been. When Bob Potter re-analyzed the seismic data from a later 
experiment (see discussion of Expt. 2018 and Fig. 6-7), he asserted that the 

just below the casing, because this was the region of lowest stress, wherein one 
would expect joints to begin opening. On that basis, he derived a correction 
for the calibration of the vertical geophone in EE-1, which yielded a tighter 
"clustering" of the microseismic event locations. If one were to re-analyze the 
Expt. 2011 microseismic data using that approach, it is likely that in the section 

around and above the bottom of EE-2. 
5With its single locking arm, the geophone package in EE-1 could rotate in different 

directions during different deployments in the borehole—resulting in better or 
poorer coupling to the borehole wall.
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Fig. 6-3. Locations of microseismic events recorded during Expt. 2012 by a 
triaxial geophone at a depth of about 9600 ft in EE-1. 
Adapted from HDR, 1983b 
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issuing from the annulus above the 292-ft cemented-in liner. Over the next 

and caused considerable discussion among the HDR Project staff and the 
drilling engineers. Not only did it call into question the cemented-in-liner 
approach to hydraulic stimulation, it cast doubt on the feasibility of further 
pressure stimulation of the open-hole interval below the scab liner.

 Note: To those HDR staff familiar with rock mechanics and the behavior 
of jointed rock as observed during the Phase I experiments, it appeared prob-

that is, it was working its way around the liner through a network of joints. 

annulus between the liner and the cement. However, such a micro-annulus 
(which is usually the result of long-term cement shrinkage) would have been 
very improbable this soon—particularly with the liner being pressurized and 

 against the cement during the injection period. Further, bypass 

 The cumulative total duration of Expt. 2012 was more than 15 hours, 
with one 8-minute interruption caused by a pump-truck problem. The injec-
tion rate during the last 6 hours was about 30 BPM, at an injection pressure 
averaging 6600 psi (oscillating somewhat because of variations in injection 
of the friction reducer). At the end of this test, the wellhead was shut in at a 

at about 18 gpm (had the annulus been shut in as well, the pressure buildup 
could have led to problems with the casing). By the next morning (Sunday, 
June 6), the pressure had dropped to 4600 psi—mainly owing to the venting 

 Since some of the Dowell pumping equipment was still on site, a further 
pumping test (Expt. 2015) was planned to investigate the pressure integ-

controlled by a throttling valve, injection began at a rate of about 5 BPM. 
After just 25 minutes, there was a sudden drop in the injection pressure, 
from 6400 to 5400 psi, and a concomitant sharp rise in the pressure of the 

1500 to 2800 psi. Pumping was stopped at once, which abruptly dropped 
the annulus pressure to 1800 psi, while the shut-in pressure declined more 
slowly to 4700 psi (close to its pre-injection level of 4600 psi). The rate of 

by now about 1 BPM (between 40 and 50 gpm), twice what it had been 
during Expt. 2012. 
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discussed. To explore these, as well as the situation concerning the integrity 
of the liner, a meeting was held on June 7. Hugh Murphy's unpublished 
notes from that meeting summarize the main points: 

1. Some staff suggested the possibility of a seal failure in the PBR 
assembly, but there was little if any evidence for this. For example, 
temperature logs taken before and after the development of the bypass 

seal leakage.
2. Others still wondered whether the liner cement had failed. But  
George Cocks and several others at the meeting, who had been involved 
with the careful design and placement of the liner cement, were extremely 
skeptical that it could have failed so early, and in such a way. In particular, 
the downhole temperature data argued against this possibility, because 

up around the liner during Expt. 2012, through a network of intercon-
nected joints in the stimulated region. The temperature data would be 
entirely consistent with such an occurrence. The consensus was that the 
liner was still viable but had been somewhat compromised by this bypass 

rock involving a cemented-in scab liner or tag-cemented casing would 
be susceptible to an occurrence of this type, if the stimulation eventu-

the cement.) To the HDR lexicon would hereafter be added the term  

 The consensus of those at the meeting was that the liner had been 
-

sion was therefore made to again attempt to connect EE-2 with EE-3 by 
stimulating the region below the EE-2 liner—this time with an even greater 

on June 20 and lasted 24 hours. Following a 4-hour cooldown period at 
an injection rate of 5 BPM, the rate was increased to 30 BPM and the 
pumping pressure—again with the aid of injected friction reducer—was 
maintained at about 7000 psi for 3 hours. But over the next 11 hours, the 
test was plagued by repeated pump failures. Finally, steady injection condi-
tions were re-established at 30 BPM and 7000 psi and were maintained for 
the last 5 hours of the test. A total of 1.29 million gal. was injected into the 

-
nication with EE-3. Experiment 2016 was terminated on June 21, with the 
stimulated region shut in at an initial pressure of 5400 psi. 
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very low rate, reached 20 gpm in 8 hours, then leveled out at about 50 gpm 

-

pressure-stimulated region surrounding the liner. Further, it suggested that 
at least a portion of the joints in this region were aligned  the trajec-
tory of the EE-2 borehole.
 The locations of the microseismic signals recorded during Expt. 2016 
are shown in Fig. 6-4, in both plan and section views. The microseismicity 
is much more dense than that during Expt. 2012, even though the amount 
of injected water was not much greater. (It is possible that better coupling 
of the geophone in the EE-1 borehole during this experiment—translating 
to better P- and S-wave arrivals for many of the microseismic events—
was responsible.) Figures 6-3 and 6-4 make clear the dilemma facing the 

extensive "cloud" of seismic events, representing a large stimulated region 
surrounding the EE-2 injection interval and extending eastward. As shown 
most clearly in Fig. 6-4, this region was inclined to the west at about 45° and 
passed  EE-3. In other words, even repeated and extended hydraulic 
stimulation, at very high pressures and injection rates, had failed to connect 
two boreholes in close proximity to one another. 
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Fig. 6-4. Locations of microseismic events about halfway through 
Expt. 2016, recorded for one hour (12:30–13:30 on June 20, 1982) during 

positioned at a vertical depth of 9635 ft in EE-1. 
Source: HDR Project data archives 
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 It was at this stage that several HDR staff proposed an alternative 
strategy: that EE-3 be drilled ahead, with no directional drilling to maintain 

of gravity), to intersect the pressure-stimulated seismic region surrounding 
the bottom of EE-2. If this strategy had been pursued, it probably would 
have succeeded in connecting the two boreholes, saving the Project over 
three years of effort and millions of dollars. In addition, the HDR reservoir 
thus created would have been an even deeper one, with a mean temperature 
of over 300°C. The suggestion was not well received, however, because the 
Project was under pressure from DOE Headquarters to quickly achieve a 

served as an opportunity to "step back," examine the favorable seismic 
interrogation situation presenting itself, and then proceed with a concerted 
effort to understand the structure of the deep basement rock being pressur-
ized. This effort could have included

developing a Dewar-protected or temperature-hardened geophone 
package, to be placed in EE-3 (in the middle of the seismic cloud);
deploying a geophone package in the granite at about 2400 ft in GT-1;
improving the coupling of the geophone package in EE-1 by adding 
an aligning system to prevent the locking arm from being positioned 
near the low side of the tool (this system would consistently align the 

against, rather than lifting it off, the low side of the hole). 
 Expt. 2016 could then easily have been repeated, with much more 
satisfactory results (at least in terms of accurate location of microseismic 
events). With three separate geophone stations receiving unique P- and 
S-wave arrival signals, a travel-time algorithm6—rather than the one-station 
hodogram method—could have been used to locate each event. Such an 

-
some dividends for the future of the HDR Project. Instead, unfortunately, 
the only plan was to carry out further hydraulic fracturing attempts—in 
the continuing hope that the 
connection between the two boreholes.

6This algorithm is based on P- and S-wave arrivals at three separate stations (a total 
of six signals). Because only four arrival times are needed to determine the 
spatial coordinates (x, y, and z) and the time coordinate (t, or time of event), the 
algorithm enables any given event to be located in both space and time with up 
to two levels of redundancy. It would later be used for locating the seismicity 
produced during the MHF Test, by which time the hodogram approach had 
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Hydraulic Fracturing Tests Below the Casing Shoe  
in EE-2

Project management. Stimulating a higher interval in the open-hole portion 
of EE-2 was not an option because the unexpectedly high injection pressures 

two boreholes (see Fig. 5-11), it appeared that if a west-dipping stimulated 
region could be created from just below the EE-2 casing shoe, it "couldn't 
miss" intersecting EE-3  along the long open-hole section. The 
Project managers thus reasoned that with the casing shoe at 11 578 ft in 
EE-2 affording a good upper seal, sanding up the bottom of the borehole 
would create a favorable injection interval and geometry for expeditiously 
connecting EE-2 to EE-3. They therefore took the drastic step of abandoning 
(at least temporarily) most of the open-hole interval in EE-2—sanding up all 

 The information in this section is based on HDR Geothermal Energy 
Development Program (1985), Matsunaga et al. (1983), and Hoffers (1983). 

Initial Testing: Expt. 2018 

casing string at 11 578 ft. Thus, in a sequence of sanding-up operations, the 

so, as the sand settled, the top of the plug dropped to 12 060 ft. The open-hole 
interval to be tested was now 482 ft, which would be pressure-isolated by 
running a casing packer on drill pipe and installing it a safe distance above the 
casing shoe (protecting most of the 9 5/8-in. casing from over-pressurization 
during the high-pressure stimulations to follow). 
 On July 17, after two separate Baker casing packers had set prematurely 

49-ft-long (5 1/8-in. outer diameter) slick joint inserted into its bore, was run in 
on drill pipe and positioned in the casing at 11 335 ft (243 ft above the casing 
shoe). The frac head was then rigged up on the drill pipe, and for the next 
two hours the Otis technician attempted to activate the packer-setting mecha-
nism, but met with problems. Unknown to the rig crew, during these attempts 
the jay-latch keeping the slick joint attached to the packer was inadvertently 
released. When the drill pipe was pulled up several tens of feet, there was no 
drag—which normally would indicate that the packer had not set. 
 Assuming that the packer was still attached to the drill pipe, the crew 
pulled all the drill pipe out of the hole to inspect the packer. They found the 
slick joint and jay-latch attached, but no packer! Perhaps it had in fact set 
properly? After careful inspection to ensure the integrity of the slick joint and 
jay-latch, a "mule shoe" was installed at the bottom of the slick joint and the 



Chapter 6   Attempts to Create a Deeper Reservoir328

assembly was run back into the hole. With the aid of the mule shoe, the slick 
joint was inserted into the bore of the packer and jay-latched in. Finally, the 

the packer's inner seals and showed that the packer had set successfully. The 
jay-latch was then released; the slick joint could now move freely up and 
down within the packer to compensate for the thermal contraction of the drill 
pipe during the upcoming injection of cold water. Lastly, Dowell was rigged 
up for pumping and the geophone package was installed in EE-1. 

July 19, 1982, at an initial injection rate of 2 BPM, and continued for about 
9 1/2 hours (Fig. 6-5). The injection pressure increased very rapidly to 
4750 psi, then "rolled over" to an asymptote at 5500 psi. Judging from past 
experience, this behavior represented the opening of one or more of the lowest-
opening-pressure joints exposed in this previously untested interval in EE-2. 

the subsequent pressure rise to 5500 psi suggests that the joint(s) started to 

(as the asperities progressively lifted off) until the joints were fully dilated 
and extending at a constant pressure of 5500 psi. When adjusted for the fric-
tional pressure loss in the 3 1/2-in. drill pipe, the full opening pressure of the 
joints would be 5300 psi—implying that the joints were inclined.
 Although higher-than-expected injection pressures had been observed deep 
in EE-2 during the injection testing of Expts. 2011, 2012, and 2016, it was not 

 "jelled." This 
is the impedance associated with the level of pressure required to "pry open" 
the most favorably oriented set of joints. For the Phase I reservoir region, in 

was in the range of 1500–2000 psi. For the Phase II reservoir, however, the 

that explains the higher injection impedance.

with the injection rate increased to 7 BPM and then, with friction reducer added, 

3/4 BPM, and over the next four hours it increased to 1 3/4 BPM.
 Experiment 2018 ended abruptly on July 20 with the failure of the  

through the split in the drill pipe and into the annulus between the drill pipe and 
the deep casing string, there was a sudden increase in backside pressure. Pumping 
was immediately stopped, and both the backside and the drill pipe were vented. 
Temperature logging located a failure in the drill pipe at a depth of 2590 ft—a 
2-ft-long crack, about 0.05 in. wide. The consensus was that this was a stress-
corrosion crack caused by dissolved H2
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 The failure of the frac string can be seen in Fig. 6-5. Also discernible is the 

at 17:40 on July 19. The injection pressure, which had been rising up to this 

17:40 were due to the erratic addition of friction reducer. 
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pressurization of the upper 482-ft open-hole interval in EE-2 (isolated 
between a casing packer—set in the 9 5/8-in. casing above the shoe at 
11 578 ft—and the top of the sand plug at 12 060 ft). 
Source: Matsunaga et al., 1983 

method of determining the extension pressure of the principal joints was to 
solve for this pressure from the injection rates and pressures of two different, 
near-steady-state pumping intervals during which friction reducer was used. 
The extension pressure thus calculated was about 5800 psi—but with a 
considerable margin of error because the computation assumes a constant 
effect from the friction reducer (in fact, the effect was highly variable). 

during the last 6 hours—indicating a very orderly process of extension of 
the pressure-stimulated region. The extension pressure was being controlled 

dilating joints in the surrounding rock mass. 

the open hole and probably were discrete joints—whereas no joints were 
opened below that. In retrospect, it is surprising that there were no favor-
ably oriented joints intersecting the lower part of the open borehole! 



Chapter 6   Attempts to Create a Deeper Reservoir330

11 400

238

236

234

232

230

228

226

224
11 500 11 600 11 700 11 800 11 900

Te
m

pe
ra

tu
re

 (°
C

)

Logging depth (ft)

Background survey
(5 Jan 1982)

Bottom of casing
(11 578 ft)

= Joint connections

Post-Expt. 2018 survey
(21 July 1982)

Fig. 6-6. Temperature survey in EE-2 immediately following Expt. 2018, 

open-hole interval: at 11 600 ft, 11 710 ft, and 11 820 ft. Depths are as 
recorded in the logging van. 
Source: Hoffers, 1983

recorded during the early part of Expt. 2018 (17:10 to 17:40, during 
which time the injection rate was increased from 80 gpm to 300 gpm—see 

of only 80 gal. into EE-2—which, Bob Potter asserted, meant that it  
have occurred very close to the previously unpressurized EE-2 borehole 
(rather than hundreds of meters away, as shown in Fig. 6-7a). For this 
reason, Potter applied a multiplier to the output of the vertical geophone, 

EE-2 borehole. The resulting multiplier was 3.4 (Hoffers, 1983), suggesting 
that the quality of the coupling of the vertical geophone was less than 1/3 
that of the horizontal ones (not unreasonable, considering the single, and 
rather weak, locking arm). As shown in Fig. 6-7b, this correction, which 

shifted the small cluster of events in Fig. 6-7a 300 m deeper and 200 m to 
the south—almost half the distance from the geophone package indicated 
by the raw hodogram data! 
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relocation of the Expt. 2018 microseismic data left the Project staff very 
concerned. What if such a correction factor had been applied to the hodo-
gram-derived microseismic locations for the much deeper injection tests 
below the cemented-in liner (Expts. 2011, 2012, and 2016)? How reliable 
was the inferred 45°-dipping seismic cloud that had "missed" the bottom of 
EE-3 (Fig. 6-4), leading the Project management to abandon most of EE-2 
and retreat to a stimulation interval just below the casing shoe? In Fig. 6-8, 
the corrected microseismic pattern for Expt. 2018 is shown in relation to 
the broadly diffuse pattern of microseismicity generated during Expts. 2012 

been correctly located, the events would probably have clustered more 
around the EE-2 injection interval.
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 The Otis casing packer, which had been retrieved from the borehole late 
on July 20, was now reinstalled for a second attempt to pump into the open-
hole section of EE-2 (Expt. 2019). But another drill-pipe failure brought a 
halt to this experiment after only 11 300 gal. had been injected in 55 minutes 
of pumping—begun at 2 BPM. Once again, a very sharp rise in the backside 
pressure (to 3700 psi) indicated the pipe failure. 
  Because of the failures of the 3 1/2-in. drill pipe, at midnight on July 29 
the drill rig was placed on standby until a more capable frac string could be 
obtained.

InfoNote

induced microseismicity occurring reasonably close to, and not too far above 
or below, the geophone station (see Chapter 3). In contrast, the microseismicity 
produced during Expts. 2012 and 2016 occurred far below the geophone 
station, presenting a new complication: an inordinate reliance on the signals 
received by the vertical geophone—which renders the deeper event locations 
shown in Fig. 6-7 somewhat questionable. This new complication calls for 
further explanation of the hodogram method. 
 As described by Fehler (1984), the hodogram (particle-motion) method 
uses the difference between the S- and P-wave travel times to obtain the 
distance from the microseismic event to the geophone station, and the particle 
motion in three dimensions to determine the direction to the event. However, 

effectively each of the seismic axes in the geophone package is coupled to the 
borehole wall. Typically, the coupling of the vertical geophone was consider-
ably less effective than that of the two horizontal geophones (see discussion 
of Fig. 6-8). This coupling problem was one of the main incentives for the 
development, by the HDR Instrumentation Group (ESS-6), of a downhole 
detonator tool to calibrate the geophones. 
 The Microseismic Analysis Review Panel felt that the travel-time method 
of locating microseismic events (which requires multiple geophone stations) 
is superior to the hodogram method because the travel-time method is less 
affected by rock heterogeneity and instrumentation coupling problems 
(Fehler, 1984). The travel-time method would therefore be used for the MHF 
Test (December 1983) and all subsequent pressure-stimulation tests.
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Experiment 2020: Larger Injection Below the EE-2 Casing Shoe
On September 19, 1982, with a replacement string of 4 1/2-in. drill pipe 
and a 4 1/2-in. high-pressure casing string (to be used as the frac string)7 on 
hand, the drill rig was reactivated. A new top for the sand plug having been 
tagged at 11 994 ft, there now remained 416 ft of open hole below the EE-2 
casing shoe.
 Following several false starts with casing packers (a Baker and an Otis), 
on September 29 a reworked Otis steam packer was run into the hole on the 
drill pipe and set in the casing at a depth of 11 262 ft. The drill pipe was then 
tripped out of the hole and laid down. Next, the 4 1/2-in. casing/frac string 
was run in, with a slick-joint/mule-shoe assembly on the bottom; guided by 
the mule shoe, the slick joint was stabbed into the Otis packer and the packer 
was pressure-tested, completing the preparations for Expt. 2020. 
 Experiment 2020 was designed as a very large volume and high-pressure 

Expt. 2018). The injected volume would be up to 1 million gal., over  
four times as large as that of Expt. 2018. Following a cooldown phase 

 
10 BPM and then to 20 BPM. The main part of the test would be conducted 
at a maximum injection pressure of 7000 psi. With the addition of friction 

Brown et al., 1982). This rate—much higher than the 12-BPM injection 
rate reached under similar conditions during Expt. 2018—was achievable 

 Just before the start of Experiment 2020, a triaxial geophone package 
was deployed at 9400 ft in EE-18 and the Laboratory's newly developed 
high-temperature, slim-line detonator tool was run deep into EE-3 and 

the twofold purpose of determining (1) the "station corrections" (measured 
P- and S-wave velocities across a reasonable representation of the actual 
reservoir rock) for the EE-1 station, and (2) the sensitivities of the three 
separate axes of the geophone package—which unfortunately varied for 
each deployment, depending on the quality of coupling to the borehole wall. 

7The casing obtained made a much better frac string because of its higher pressure 
rating (in addition, casing is generally freer of the surface damage to which drill 
pipe is subjected, from handling tools, etc.). In spite of such advantages, the 
contract drilling supervisors tended to use the drill pipe as the frac string because 
it was easier to handle. Drill pipe was already racked in the derrick in 90-ft 
"stands," whereas casing had to be picked up off the pipe racks joint by joint, by 
a casing crew using special handling equipment, then after use unscrewed joint 
by joint and returned to the racks—a time-consuming operation. 

8This location in EE-1 would be used for geophone recording during all subsequent 
reservoir testing.
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 Experiment 2020 began on the evening of October 6 and lasted almost 
12 hours, during which time 844 000 gal. of water was injected. The experi-
ment ended abruptly when one of the collars on the frac string failed—again 
attributed to stress-corrosion cracking. To control the annulus pressure, the 
annulus was vented, initially at a rate of about 1/2 BPM; but after pumping 
was stopped and the frac string shut in, the annulus vent rate continued to 
increase. It took nearly 24 hours to reinstall the blow-out preventer, tubing 
head, and "christmas tree," and to install a vent line at EE-2. Finally, on the 
morning of October 8, venting of the reservoir through the 4 1/2-in. frac 
string began; but another two days passed before the vent pressure was low 
enough to start long-term venting, allowing further work to be done at EE-2. 
(The venting would last through the following January.)

of about 5400 psi. This injection behavior essentially replicated that of the 
early part of Expt. 2018 (Fig. 6-5)—the joint connections to the stimulated 
region still exhibiting a high injection impedance. 
 During the latter part of the experiment, the injection rate reached about 
34 BPM at 6700 psi, somewhat higher than what had been predicted (on 
the basis of an "effectiveness factor" of 65% for the friction reducer). The 

pumping equipment, particularly during the last six hours of this test. 

InfoNote
 Hydraulic fracturing operations in EE-2 had an unexpected result: 

contained within the network of joints in the crystalline basement (which are 
somewhat more permeable than the surrounding matrix rock). The gas was 

and trace amounts of other species. Their presence posed not only safety 
problems (gas could erupt during rig and logging operations, referred to as 

also corrosion problems. The series of failures of drill pipe and casing collars 
that had repeatedly prevented long-term injections were all due to stress-

(dissolved carbon dioxide). All such failures so far investigated involved high-
strength steels having tempered-martensite microstructures, and all appear to 
have originated at indentations produced by handling (with elevators, tongs, 
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Source: HDR, 1985 

 As planned, at 2:00 on October 7, after the injection of 486 000 gal. 
(1840 m3

joint-extension pressure to be , on the basis of the pres-

state injection-pressure level of 6360 psi, the shut-in pressure rapidly 
stabilized at 5500 psi. (With friction reducer, the measured pressure loss 
in the 4 1/2-in. frac string at 34 BPM was 860 psi.) It is unfortunate that 
this direct method of measuring the extension pressure of the joints that 
controlled the Phase II reservoir was not used extensively during other 
injection testing of the reservoir region.
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 Figure 6-11 displays the seismicity recorded during the last half of 
Expt. 2020. The seismic pattern is similar to that recorded for Expt. 2018 
in that it is concentrated around—and along—the injection interval in 
EE-2, but it is somewhat more extensive, particularly in the north–south 
direction (as seen in the plan view). At the time, the seismic cloud was 
reported to be in the form of an ellipsoid, one of its major axes oriented 
north–south and its minor axis oriented perpendicular to the trace of the 
EE-3 borehole (roughly east–west). Although the seismicity appeared 

communication. 
 The volumetric nature of this cloud suggests that an array of pre-
existing natural joints had been reopened, producing a three-dimensional 
reservoir (rather than a tabular one, as would have resulted from the 
creation of several  "fractures"). This seismic pattern showed 

region perpendicular to EE-2 (along the direction of the minor axis), to 
intersect EE-3. 
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 Late on October 9, after the casing crew's equipment and the lay-down 
machine had been rigged up, the upper portion of the 4 1/2-in. frac string 
was pulled from the EE-2 borehole. It was found that a coupling had split 
lengthwise, leaving 49 joints in the hole below. The 4 1/2-in. drill pipe was 

to its bottom end was the slick joint that had been inserted into the Otis 

had necessitated the setting of the Otis packer just above it). At noon on 
October 17, after the EE-2 borehole had been cleared down to the top of the 
sand plug, the rig was placed on standby. 

The Connection Conundrum

EE-2 and EE-3 (possibly by not creating a large enough stimulated region) 
left the Project staff in a real quandary. Some, thinking that the stress 
concentration surrounding the low-pressure EE-3 borehole might have been 

in EE-2 while at the same time pressurizing EE-3. Others, especially among 
Project management, believed the problem was that the volume of water 
injected into EE-2—"only" 844 000 gal.—had simply been too small to 
achieve a connection. (The corollary claim, that injection pressures and/or 

-
ally been debunked.) But an injection of the massive volume thought neces-
sary by the second camp could have been attempted only with a frac string 
more resistant to the downhole chemical environment. (Because of ongoing 
indecision on the part of Laboratory management, such a string—5 1/2-in., 
C-90 tubing—would not be ordered until May of 1983—7 months later!)
 Without the means to carry out a massive injection in EE-2, almost 
everyone was now clamoring to —but what? 

string of 9 5/8-in. production casing run in August 1981, when EE-3 was 
completed. The top 3000 ft of this casing had been left uncemented, prob-
ably because the integrity of the surrounding 13 3/8-in. casing (set at 2552 ft) 
was somewhat in doubt. Because this borehole was slated to be the produc-
tion well for the two-well circulation loop, the top 3000 ft of the casing 
had been tensioned to 80% of its yield strength to accommodate subsequent 

-
tion operations in EE-3, which would cool the casing and create tensile 
thermal stresses that might result in its separation, was unnerving to say the 
least. However, a strategy that might overcome this potential problem—
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without resorting to the expensive operation of releasing the tensile load 
on the casing—was to heat the water before injection. Calculations showed 
that pre-heating the water to 70°C or more posed little risk to the casing. 
 The injection of a large volume of water (up to 1 million gal.) at such 
temperatures would have required a sizable and quite elaborate pre-heating 
system. However, a "hot-oiler" (a truck- or skid-mounted heating unit, avail-

to about 200 000 gal. An injection so limited probably would not open a 
joint network extensive enough to reach EE-2, but could create one suitable 
as a "target" for later pressure-stimulation from EE-2 (and in any case a 
larger target than the EE-3 borehole!) 
 But even if this strategy could overcome the casing problem, the fact 
remained that any effective stimulation program in EE-3 would require 
high-pressure injection—which was precluded by the presence of the low-
pressure joint exposed at about 10 394 ft, just below the casing shoe (identi-

 Note: In retrospect, considering the problems at EE-3, there was no 
certainty that this borehole could become an effective production well 
for the hoped-for two-well HDR circulation system (and, in fact, it never 
would!). The best course of action at this juncture would have been to  

drill rig could have been skidded over EE-3, the 9 5/8-in. casing released at 
the surface, and then a string of 7 5/8-in. casing run in and cemented across 
the open joint below the 9 5/8-in casing shoe. This strategy would have 

capability, and would not have been any more costly or time-consuming 
than the "evolving" strategy that actually was used. Moreover, it would 
have provided a much better EE-3 "platform" for subsequent high-pressure 
testing of the potential reservoir region.

 On November 8, an experiment (Expt. 2023) was carried out to evaluate 

drill rig over EE-3, rental pumping and water-heating equipment were used 
to inject about 930 bbl of water, heated to 65°C, straight down the 9 5/8-in. 
casing and into the low-pressure joint just below the casing shoe—mainly 
at an injection rate of 6.5 BPM and a pressure of 1820 psi. This injection 

 
(As expected, the low-pressure joint accepted water in a manner similar to 
that seen during numerous injections into the Phase I reservoir—indicating 
the connection of this joint to that low-pressure region). The successful  
injection of heated water indicated that a deeper region of the EE-3 bore-
hole could be stimulated without creating severe casing problems. Thus, in 
late November, the Brinkerhoff-Signal rig No. 78 was skidded over EE-3.



Hydraulic Fracturing in EE-3 341

Hydraulic Fracturing in EE-3 

After the drill rig had been rigged up, the 4 1/2-in. drill pipe was run into the 
hole. A series of sand plugs were then pumped in, to greatly reduce the avail-
able open-hole interval. On November 30, with eight plugs having been placed, 
the top of the sand was tagged at 11 768 ft. Unfortunately, the operation that 
followed was based on the misconception that the joint just below the casing 
shoe could be sealed with lost-circulation material—even though previous 
experience had shown that no technique, including this one, was effective in 
sealing off pressure-opened joints in basement rock. A 150-bbl mixture of 
bentonite, barite, and lost-circulation material was pumped into the hole and 
"squeezed" into the joint at a pressure of about 2500 psi. This effort completely 
failed, and left a number of "bridges" of lost-circulation material in the borehole 
that had to be washed out. 
 A succession of plans were developed for connecting EE-3 with the 
Expt. 2020 seismic cloud. All of these involved hydraulic fracturing in a deeper 
part of the EE-3 borehole—bypassing the open joint at 10 394 ft, just below the 
casing shoe.9 (At this time, nearly everyone within the HDR Project believed 

 of connecting 
EE-3 to the Expt. 2020 stimulated region.) 

was run into the hole on drill pipe and set at a depth of 11 415 ft, leaving a 
353-ft open-hole interval below. However, when the injection pressure reached 
2030 psi (after only 21 minutes of pumping), the packer failed—as evidenced 

 For the next experiment, a 4 1/2-in. scab liner would be installed in EE-3, as 
had been successfully done at the bottom of EE-2. But this liner would be much 
longer—1283 ft. To ensure that it would be well cemented, two additional sand 
plugs were placed in EE-3, up to a depth of 11 389 ft. On December 8 the liner 
(including a liner hanger and PBR on top) was run into the hole on drill pipe  
and set on top of the sand plug. The liner hanger was then landed inside the  
9 5/8-in. casing, 228 ft above the casing shoe at 10 374 ft, and the liner was 
cemented in place up to about 10 850 ft. Unfortunately, the completion engi-
neering was poor: the liner was not cemented all the way up into the 9 5/8-in. 
casing. If it had been, the low-pressure joint connection at 10 394 ft would 
have been sealed off, precluding many later problems (including the collapse of 
the liner just above the cement-supported interval, due to high annular pressure 
during the gas-laden venting of EE-3 following Expt. 2025).
 After a 24-hour wait for the cement to harden, a 2 1/8-in. drill-pipe extension 
was used to drill out the liner and then wash the sand out to a depth of 11 770 ft. 
Three days later the top of the sand was tagged at 11 770 ft. Figure 6-12 shows 

9This low-pressure joint entrance in EE-3 appeared to be connected to the deepest 
part of the Phase I reservoir.
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Fig. 6-12.
liner, just before Expt. 2025. 
Adapted from HDR, 1985
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Experiment 2025: High-Pressure Injection into EE-3
Experiment 2025—the pressurization of the 381-ft open-hole interval 
between the bottom of the liner and the sand plug—began on December 13. 
It lasted about two days, met with many problems, and ended with the 
failure of the 4 1/2-in. drill pipe, inappropriately being used as the frac 
string. (Note: The higher-pressure-rated 4 1/2-in. casing was on site at the 
time and  have been used as the frac string for this very important 
high-pressure injection. The few hours saved in pipe-handling was vastly 
outweighed by the six months of inactivity that followed the failure of the 
drill pipe—time that, with an intact frac string, could have been used for 

(5 L/s), the backside pressure started to rise as the injection pressure 
approached 2600 psi; when attempts to bring it down failed, pumping 
was stopped. The diagnosis was that faulty or damaged seals in the PBR 
assembly were allowing leakage into the annulus (the leak was much too 
small to have been caused by a frac string failure). The next day, following 
repeated exercising of the seals in the PBR assembly, the leak was brought 
under control at 13 gpm with the annulus vent pressure maintained at about 
900 psi. Injection was recommenced at 2 BPM and increased in steps to 

that rate for about another 2 1/2 hours at an average injection pressure of 
6600 psi. (During injection, the rate of the annulus leak declined further, to 
less than 4 gpm.) 

those of Expts. 2018 and 2020. 
 As shown in Fig. 6-13, after about 3 1/2 hours and the injection of some 
3600 bbl (580 000 L) of hot water, the injection pressure suddenly dropped. 
When the annulus pressure was checked, it was found to have abruptly 
equalized with the borehole pressure—indicating that the frac string had 
failed. Pumping was halted and venting began. 
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 The pressure plateau at about 4600 psi in Fig. 6-13, at the initial injec-

untested interval of the borehole opened at this pressure (somewhat 
lower than the initial joint-extension pressure measured in EE-2 during 
Expt. 2018—5500 psi). Over the next hour, the injection pressure increased 
in close correlation with the step-wise increase in injection rate, suggesting 
the possibility of other joint openings.10 
 Post-Expt. 2025 temperature logs indicate the presence of joint inlets 

 

these joints opened at the initial pressure of 4600 psi; or that the other two 
opened only as the injection pressure was further increased. This tempera-
ture evidence for the opening of multiple joints in the pressurized interval 

seen during Expt. 2018, when three joints were opened across the upper 
part of the open-hole interval in EE-2 (see Fig. 6-6).
 A total of some 150 000 gal. of water was injected into the open-hole 
interval below the scab liner during this experiment, which produced a 

10During several previous injection tests, joint-opening pressure plateaus had been 

additional plateaus were observed as injection rates increased.
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number of seismic signals (the hodogram method was still being used to 
determine event locations). The 1983 annual report (HDR, 1985) devoted 

induced seismicity. Fortunately, an unnumbered internal Laboratory memo-
randum (Pearson et al., 1982) provides a summary plot of these signals, 
shown in Fig. 6-14. It is evident that the seismicity clusters around the EE-3 
borehole, starting from near the bottom of the injection interval, and appears 
to reach almost halfway to EE-2. 
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Adapted from Pearson et al., 1982 
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 An examination of the two seismicity plots in Fig. 6-14 reveals an 
intriguing phenomenon. The Expt. 2025 seismic cloud appears to be "pushed 
down" to the very bottom of the EE-3 injection interval—as if the dilation 
of the rock mass produced by the 844 000-gal. injection of Expt. 2020 in 
EE-2 had exerted pressure on the nearby region surrounding the EE-3 open-
hole interval, preventing the joints in that region from being opened by the 
Expt. 2025 pressurization (a relationship that becomes evident only through 
observation of both seismic clouds in concert). 
 Recent re-analysis of the data has made clear that the joints stimulated 
during Expt. 2025 would never have been able to connect to the open joints 
within the Expt. 2020 stimulated region, because that region was enclosed 
within a "stress cage"11—an annular zone of hyper-compressed rock resulting 
from the expansion of the inner pressure-dilated volume. This zone extended 
out some distance  the seismic cloud shown in Fig. 6-11 and imposed 
an additional closure stress on the potential connecting joints. 

 Note: Experiment 2025 also gave rise to the development of an addi-
tional seismic network. It was inspired by the clear seismic signals recorded 
on a geophone placed in the granite at the bottom of exploratory borehole 
GT-1, about 1 1/2 miles north of the Fenton Hill site. With GT-1 as its focal 
point, the new "Precambrian Seismic Network" would comprise several 
geophones positioned near the Precambrian surface but radially displaced 
from the Fenton Hill site. This network would add considerably to the 
location accuracy of the microseismicity generated during the forthcoming 
MHF Test.

Another Drill Pipe Failure

a temperature log was attempted; but when the temperature tool could not 
be worked past the bottom of the PBR, it was withdrawn and the logging 
equipment was rigged down. Next, the frac head was removed from the 
top of the drill pipe (leaving the drill pipe open to the atmosphere), and the 

warning the sudden release of dissolved gas caused the well to "blow 
out" through the open drill pipe. An attempt was made to pull the drill 

pumped down the drill pipe to "kill the well." The next three days were 
spent trying to recover the drill pipe, during which time dissolved CO2 was 
causing EE-3 to repeatedly "unload." 

11This stress cage is analogous to the circumferential hoop stress that develops in 
the rock surrounding a pressurized borehole.
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bushing—had been caused by a 28-in.-long axial split in the body of the 
pipe, about 7 ft below the box end. This was the sixth catastrophic failure of 

these six failures; but no words can convey the sense of "malaise" and frus-
tration experienced by the Project staff because of the inability of "off-the-
shelf" high-strength tubular steels to perform adequately in this chemically 
hostile environment.

Table 6-1. Stress-corrosion failures of high-strength drill pipe and casing

Date Pipe type and location Material

Approximate 
depth of 
failure (ft)

20 July 1982 3 1/2-in. drill pipe, near the box end S-135 2590
24 July 1982 3 1/2-in. drill pipe, near the box end S-135 2540
27 July 1982 3 1/2-in. drill pipe, in slips area below box S-135 5550
7 Oct 1982 4 1/2-in. casing collar P-110 9250
10 Oct 1982 4 1/2-in. casing collar P-110 9370
17 Dec 1982 4 1/2-in. drill pipe, 7 ft below the box end S-135 1770

 Cracks in several of these failed tubulars were examined both visually and 
with a scanning electron microscope. The type of damage observed at the 
grain boundaries of such austenitic steels is often referred to as "hydrogen 
embrittlement." All of the failures seemed to originate at indentations in the 
steel resulting from the use of elevators, tongs, or slips. Because as little as 
1 ppm of H2
that this was the failure mechanism. 
 After the failed joint had been removed from the string, the drill pipe was 
run back into the hole and stabbed into the PBR. The next three days were 
spent working to get the gas situation under control and to "stabilize" the 

the drill pipe into the PBR, pulling it out again, and then circulating water 
down the drill pipe and back up the annulus. Finally, the drill pipe was 
tripped out of the hole and laid down, and the 4 1/2-in. casing was picked 
up, run into the borehole, and stabbed into the PBR. On December 20, after 
the wellhead had been installed, EE-3 was shut in and the drill rig was 

months, while a new 4 1/2-in. frac string of a corrosion-resistant, low-alloy 
steel was being procured for use in EE-3.)

____________________________
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 The failure of the December 1982 effort to connect EE-3 to the Expt. 2020 
seismic zone led to the replacement, in early 1983, of the Fenton Hill HDR 
Project management team. John Whetton, the HDR program manager and 
Earth and Space Sciences (ESS) deputy division leader, was understandably 

two boreholes and was looking for new leadership—as well as a new tech-
nical thrust. 

The EE-2 and EE-3 Stimulated Regions  
Display Similar Joint Characteristics 

 The pressurization data for Expts. 2018 and 2020 in EE-2 and 
Expt. 2025 in EE-3 (Figs. 6-5, 6-9, and 6-13) exhibit one important 
feature that was not well recognized at that time. In all of these experi-
ments, there was a common extension pressure—close to 5500 psi—
that appears to represent the jacking pressure for the set of essentially 
continuous, "principal" joints having the highest opening pressures 
within each of the two stimulated regions. The pattern of interconnec-
tivity within both regions was one of internal "manifolding" of high-

joints, which were discontinuous and truncated. It is intuitively obvious 
that if  of the sets of lower-opening-pressure joints had been 
continuous, they would have continued to extend at lower pressure; 
and in that case they—rather than the higher-pressure joints—would 
have controlled the growth of the stimulated region. 

the stimulated region above 5500 psi by pumping at higher rates would 
simply have made the region grow faster but at a constant pressure. 
The lower-opening-pressure joints could not have been extended 
beyond their truncated ends, but—being hyper-dilated at the 5500-psi 
extension pressure for the principal set of joints—would still have 

 Unfortunately, the inclination of the principal joints was more 
or less aligned with the trajectories of both EE-2 and EE-3 (i.e., 
dipping to the east) and thus offered little opportunity for growth in 
the orthogonal direction from EE-2 towards EE-3, or vice versa. This 
alignment is best seen in the section view of Fig. 6-8 (the seismic data 
for Expt. 2018, represented by the upper-left cluster of events). It was 
therefore becoming apparent that additional hydraulic stimulation had 
only a slim chance of connecting EE-2 and EE-3. 
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Fiscal Year 1983—A Frustrating Year for the Project 

Although reorganized, the HDR Project leadership would be unable to 
make much progress given the "hand that they had been dealt." The plan 
had been to continue the high-pressure testing of EE-3. However, the new 
4 1/2-in. frac string to be used for this testing was not scheduled for delivery 

materialize: a collapse of the unsupported pipe just above the cemented-in 

 Meanwhile, interest in a much larger injection into EE-2 had persisted 
following Expt. 2020, but only in May of 1983 would a new 5 1/2-in. frac 
string be ordered for that purpose.
 As detailed in  at the end 
of Chapter 5, the completion of EE-3 had not been done properly, and this 
was the cause of many of the problems that followed. If only the selected 
open-hole interval had been pressure-tested the production casing 
was set (which would have revealed the presence of the low-pressure joint, 
mandating a deeper setting depth for this casing), almost a year of fruitless 
effort could have been averted.
 One of the few things accomplished during this time was the daily 
measurement, by Dan Miles, of the post-Expt. 2020 shut-in pressure at 
EE-2 during the summer and early fall of 1983 (see Fig. 6-15 below). 

Temporary Suspension of Operations
The many and frequent problems encountered with the tubular goods 
during the fracturing experiments (problems caused by the unexpectedly 
high reservoir-stimulating pressures in a chemically corrosive downhole 

at the end of 1982. Despite the disappointment of this interruption in 
the experiments, the work in microseismic mapping was continued and 
made impressive progress. A large statistical sample of the microseismic 
events produced during hydraulic stimulation was obtained and mapped.  
Unfortunately, these analyses did not strongly verify the  nature 
of the stimulated regions, which could have helped guide and direct the 
forthcoming MHF Test in EE-2. However, they revealed a distinct  
of evidence that vertical features in the stimulated regions (Expts. 2018, 

extended vertically through heterogeneous crystalline rock containing an 
array of weakly cemented—but sealed—joints. (Nevertheless, Mort Smith 
and several others never did abandon the theory.) 
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 On May 3, 1983, the drill rig that had been in place over EE-3 was reacti-
vated. The plan was to continue pressurization testing in EE-3 with the new  
4 1/2-in., L-80 frac string. First, the old 4 1/2-in., N-80 casing (frac string) that 
had been left in the borehole at the end of 1982 was pulled out and laid down. 
But when a small mill was run in on drill pipe to clean out the cemented-in 
scab liner, an obstruction was encountered at 10 833 ft, 17 ft above the top of 
the liner cement.12

through the drill pipe at the end of Expt. 2025, the liner had collapsed—prob-

annulus and the almost empty bore of the drill pipe.

 Note: The cumulative venting behavior observed in the wake of Expt. 2025 

EE-3, through the obstruction at 10 833 ft and down into the pressure-stim-
ulated region. But the Project managers did not believe that this connection 
was adequate for continued injection testing, because it would not permit full-
diameter logging. This judgment was an unfortunate one; injection testing 
of this region could have proceeded with slimline temperature logging and 

EE-3 could then have served as a good-to-excellent production borehole 

costly—and ultimately only marginally successful—workover effort. 

to June 18. During this time, the PBR (inside the 9 5/8-in. casing, at 10 106 ft) 
and the liner hanger were recovered; then the liner, consisting of 4 1/2-in., 
buttress-thread N-80 casing, was removed down to the collapsed joint— 
a slow and careful operation in which a combination of inside and outside 
cutters was used to recover about 120 ft of pipe at a time. After repeated 

collar at a depth of 10 890 ft) was only 57 ft above the point of collapse. 
 On May 18, twenty joints of the new 4 1/2-in. L-80 casing, with a PBR 
on top, were successfully screwed into this top collar. The connection was 

shown to be pressure-tight. But when an OWP13 collar locator was run into 
the liner, it could not get past an obstruction at 10 895 ft (wireline depth).  
A 3 1/2-in. mill was run in on smaller-diameter drill pipe to clear the obstruc-
tion, after which the borehole was checked down to 11 450 ft (as far as the 
smaller drill pipe would reach). The 4 1/2-in. drill pipe was then withdrawn 
from the hole and laid down, followed by the smaller-diameter drill pipe. 
Finally, on May 20, most of the remaining 4 1/2-in. L-80 casing—which 

12Fig. 6-12 shows the top of the liner cement and other details of the EE-3 liner.
13Oil Well Perforators, Inc., Casper, Wyoming.
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would serve as the frac string—with a redressed seal assembly on bottom, 
was run into the borehole. The next morning, the seal assembly was inserted 
into the PBR (but the frac string was not pressure-tested at this time).

First "Sideshow" Experiment in EE-3—Expt. 2028
Experiment 2028 took place on June 22. This "nitrogen blanket" experiment 
was designed to test whether, by replacing the water in the upper part of the 
annulus (outside the frac string) with nitrogen, the rate of heat transfer from 
the casing to the frac string could be decreased enough for cool water to be 
safely injected—obviating the need for pre-heating. 
 In preparation for this experiment, the seal assembly was pulled out of 
the PBR again. Nitrogen was then injected into the annulus at high pres-

frac string. When the seal assembly had been reinserted into the PBR, the 

string) by OWP. After repeated injections of water and nitrogen into the 

 During the next part of the experiment, an OWP temperature tool was 
"parked" at a depth of 4000 ft for continuous recording. A Dowell pump 
truck was used to pump water down the frac string for 1 1/2 hours at a 
constant rate of 1 BPM. The initial injection pressure of 5500 psi (at 9:00) 
rose to 6050 psi in 10 minutes, slowly dropped back to 5500 psi in the next 

for about 1 hour. During this pumping interval, the screw-in connection to 
the collar at the top of the liner stub appeared to be pressure-tight up to at 
least 6000 psi. A full-depth slimline temperature log followed, as well as 

OWP temperature tool was again parked at 4000 ft. 
 Pumping with the Dowell truck recommenced at 12:13. The beginning 
rate of 1 BPM was slowly increased to 8 BPM at an injection pressure of 
5500–5600 psi. Two hours later, at 14:13, the annulus pressure suddenly rose 
to 3450 psi, indicating a serious leak somewhere. Pumping was shut down, 
the temperature tool removed, and Expt. 2028 prematurely terminated. 
 The temperature measurements during this experiment showed that the 

to allow a decrease of about 15ºC in the temperature of the injected water. 
In other words, pre-heating would still be necessary. 

injection of about 40 000 gal. of water, the frac string had to be vented 
down before any other operations could take place. Concurrently, the 
nitrogen in the annulus was vented, through the rig's choke manifold. Then 

leak, a combined temperature/collar-locator log was run by OWP, which 
revealed that the leak was at the screw-in connection, at a depth of about 
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10 890 ft. (It would later be found that the collar at the top of the liner stub 
had pulled away from the rest of the liner, apparently because of cooling-
induced thermal contraction of the injection piping). 
 Work began the morning of June 23 to pull the frac string from the 
borehole and lay it down on the pipe racks. This task complete, the drill 
pipe—with a setting tool installed on its lower end—was run in. Once 
the PBR had been tagged, the setting tool inserted, and the J-lugs inside 
the PBR engaged, the whole liner tie-back assembly was pulled from the 
borehole. Attached to its bottom were the screw-in joint and the separated 
4 1/2-in. casing collar. 

More Fishing in EE-3
The next two weeks were spent in a reasonably successful effort to re-estab-
lish a pressure-tight connection at the top of the cemented-in liner in EE-3. 
Throughout these operations, the interval below the liner (stimulated during 
Expt. 2025) was producing large amounts of gas—mostly CO2—that had to 
be dealt with almost continuously and severely hindered progress.14 
 On July 4, 1983, following a series of washover and outside cutting 

removed another 9 in. of pipe), the top of the remaining liner was at a 
depth of 10 897 ft. Twenty joints of the new 4 1/2-in. L-80 casing were 
then used to extend the scab liner upward into the 9 5/8-in. casing. Fitted 
with a "temporary" overshot casing patch and grapple on the bottom, this 
extension was slipped over the top 3.3 ft of the liner stub. (A special high-
temperature casing patch, designed to withstand high stimulation pressures, 
was on order but delivery was not expected for several months.) 
 After the 4 1/2-in. drill pipe had been pulled from the hole and laid down, 
the 4 1/2-in. L-80 frac string, with a repaired seal assembly on bottom, was 
picked up, run into the hole, and stabbed into the PBR on top of the scab 

inhibitors to protect the 9 5/8-in. casing. This "completion," although not 
ideal, would enable EE-3 to serve as a production well if the planned MHF 

 On July 8 the drill rig was furloughed again and would remain inactive 
until mid October. 

14The ongoing production of large amounts of gas strongly suggests that by far the 
-

very tight (permeability in the nanodarcy range) rock surrounding these joints.
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Second "Sideshow" Experiment in EE-3—Expt. 2033
The purpose of Expt. 2033 was to stimulate the lower portion of the Phase I 
reservoir region by injecting heated water down the EE-3  (outside 
the frac string) and through the low-pressure open joint just below the casing 
shoe—the one that had caused so many problems in the past. The primary 
objective of activating the joints in this low-pressure region was to generate 
enough seismic signals to test how the vertical geophone stations in GT-1 
and PC-1 would work in concert with the triaxial geophone at 9400 ft in 
EE-1.15 A couple of months later, these stations would be added to the deep 
triaxial geophones in EE-3 and GT-2, to constitute the seismic network for 
the MHF Test in EE-2.
 The GT-1 and PC-1 geophones were located near the Precambrian surface, 
as part of the new "Precambrian Network"—a supplementary seismic 
network designed to enhance lateral control of the microseismic event loca-
tions recorded during the MHF Test, mainly by the two deep geophones 
in EE-1 and EE-3. The geophone in PC-1, at 2148 ft, was about 250 ft 
above the Precambrian surface at Fenton Hill (the intervening rock being 
vuggy Madera limestone), but was deep enough to be largely unaffected 
by the problems encountered with the surface seismic instrumentation. 
The geophone in GT-1 was at 2460 ft—nearly 400 ft into the Precambrian 
basement in Barley Canyon—and was totally unaffected by these problems. 
(The nine 1-Hz, vertical-component surface stations installed in 1978 for 
Phase I testing, which were located on a radius of about 2 miles [3.2 km] 
from the EE-1 wellhead, were susceptible not only to surface noise but to 
severe attenuation of the signals, which had to pass through the thick layers 
of volcanic and sedimentary rocks above the Precambrian surface.) 
 Other objectives were (1) to more clearly delineate the boundary between 
the low-pressure (Phase I) and high-pressure (Expt. 2025) stimulated 
regions, by mapping the seismicity in this lower Phase I reservoir region 
and comparing it with the seismicity generated by stimulation of the joint 
network during Expt. 2025; and (2) to observe the venting behavior of the 
lower Phase I reservoir region. 
 Experiment 2033 began on September 27, 1983, with the drill rig on standby 

-
cient microseismic signals to test the seismic network, and at the same time 
enabled the demonstration of an enhanced travel-time algorithm for locating 
individual events. (Because the seismic signals received at PC-1 were not

15

two deep seismic observation holes. PC-1 was about 2200 ft deep and bottomed 
in hard Paleozoic limestone, just above the granite surface. The later drilling 
of a second hole, PC-2, due west of the EE-2 location, would complete the 
Precambrian Network (GT-1, PC-1, and PC-2). 
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and S-wave signals received at the GT-1 geophone and the deep geophone 
stations in EE-1 and EE-3). 

objectives: 
1. The lower portion of the Phase I reservoir region was seen to extend 
downward to within about 260 ft of the upper boundary of the high-
pressure EE-3 seismic cloud generated during Expt. 2025. 
2. Venting of the low-pressure Phase I region (just below the casing 
shoe in EE-3) proceeded at about 50 gpm (3 L/s) with the borehole at  

Measurements in EE-2: The Shut-in Behavior of the  
Expt. 2020 Reservoir
As mentioned earlier, following the pipe failure that ended Expt. 2020 
(October 7, 1982), the reservoir was continuously vented for nearly four 
months (through January 1983). The next six months were occupied with 
a sequence of small, low-pressure injection tests, vent-down periods for 
logging, and shut-ins. Then, beginning in mid July 1983, EE-2 was shut in 

shut-in, the pressure rose to 648 psi. What ensued, over the next 73 days, 
was a "self-pumping" of the reservoir, eventually reaching a pressure of 
1270 psi. 

still existed at the time of Expt. 2025 (only 9 weeks after Expt. 2020)—one 
that was surrounded by a stress cage, as discussed earlier (and shown in 
Fig. 6-14). In other words, this region was  within an imper-
meable body of hot crystalline rock. 
 The pressure buildup curve is shown in Fig. 6-15. If this curve is extrapo-

–at , 

where  is the buildup curve and a is an arbitrary constant, the equi-
librium reservoir shut-in pressure reaches about 1450 psi (10 MPa)—the 
opening pressure for the apparently very large array of vertical joints 
oriented essentially orthogonal to the direction of the least principal earth 
stress (N111E).
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Fig. 6-15. Pressure buildup in EE-2, beginning about 10 months after 
Expt. 2020 and lasting 73 days, due to self-pumping within the enclosed 
reservoir region. 
Source: Brown, 1989b

still-open joints with an internal equilibrium pressure of about 1450 psi. And 
third, because the pressure buildup was so very slow, one can infer that the 

joints) to these 

closed) at these low reservoir pressures. Moreover, it seems probable that the 
self-pumping observed at the shut-in EE-2 borehole would have occurred 
at the reservoir boundaries as well—which implies that the perimeter of the 
Expt. 2020 stimulated region was tightly closed. An open perimeter would 
never have allowed the reservoir to internally self-pressurize! 

The Massive Hydraulic Fracturing Test:  
Expt. 2032

Mapping of the microearthquakes that occurred during the several hydraulic 
pressurization experiments in EE-2 and EE-3 revealed a picture of ellip-
soidal seismic clouds, centered close to the injection intervals in the two 
boreholes and inclined to the east at roughly the same angles as the borehole 
trajectories. The clouds extending from the upper injection interval in EE-2 
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(Expts. 2018 and 2020) were subparallel with and close to the cloud later 
generated during Expt. 2025 (by stimulation of the interval below the scab 
liner in EE-3)—at least judging from the data obtained via hodogram, the 
seismic location method being used at the time. It had been postulated that 

they did not), the likelihood would have been high that additional stimula-
tion would result in a hydraulic connection. 
 A concomitant hypothesis, championed by the few remaining adherents 
to the penny-shaped fracture theory, was that a high-pressure and high-
volume injection into an even more restricted interval of EE-2 (only about 
70 ft) could drive upward one or more vertical hydraulic "fractures,"  
a set of already opened inclined joints, to intersect the EE-3 borehole. 
Restricting the injection interval to 70 ft would facilitate this effort, by 
isolating the uppermost of the three borehole joint connections activated 
during Expt. 2018 (see Fig. 6-6). 
 It was for these less-than-compelling reasons that a "massive hydraulic 
fracturing"—higher rate and much larger volume—operation was planned, 
to enlarge the zone of seismic activity surrounding the restricted injection 
interval just below the casing shoe in EE-2, and thereby (it was hoped) 
expand the network of stimulated joints between the boreholes. The basic 
plan for the MHF Test was based on experience gained from Expt. 2020. 
 On the recommendation of a group of industrially experienced experts, 
assembled as a Workover Operations Review Committee (HDR, 1985), in 

The maximum injection rate was increased from 20 to 40–50 BPM 
(friction reducer would be used to enable such an increase, the ulti-
mate rate being determined by the maximum injection pressure of 
7000 psi [47 MPa]).
The injection interval was reduced from about 400 ft to only 70 ft.

 
Expt. 2020). 

 Between 4 and 6 million gal. (15–23 million L) of water—a volume up 
to six times greater than in any previous high-pressure stimulation—would 
be injected into EE-2 over a period of 2 to 3 days. A higher pumping rate 
(80 BPM) and injection pressure (8000 psi) were advocated by some, but 
were ruled out for monetary as well as technical reasons. In retrospect, an 
injection rate of only 20 BPM (as originally planned) would have been 

been simpler and less expensive. 
 The information in this section is augmented by information from the 
following reports: Dreesen and Nicholson (1985); House et al. (1985); and 
HDR Geothermal Energy Development Program (1985 and 1986c). 
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Preparations
In addition to the Precambrian Seismic Network (Fig. 6-16), the prepa-
rations for the MHF Test included the construction of a number of other 
facilities and supporting systems, development of tools, and work on the 
EE-2 site and borehole. 
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Fig. 6-16. Map view of the seismic network for the MHF Test, showing the 
locations of the Precambrian Seismic Network geophone stations (GT-1 and  
PC-1) and the deep seismic stations. All geophone depths shown in meters 
are true vertical depths; those shown in feet are equivalent slant depths 
(measured along the borehole). 
Adapted from HDR, 1986c 

Five-Million-Gallon Pond and Supporting Equipment
In contrast to previous fracturing tests at Fenton Hill, for which above-
ground (rental) water-storage equipment was used, the greater water 
requirements of the MHF Test would be supplied by a large, specially 
constructed, in-ground pond. Construction of this pond began in August 
1981 and was completed in July 1982. Designed to hold 5 million gallons, 
the pond measured 200 ft by 250 ft and sloped to a depth of 23 ft. It was 
lined with a reinforced rubber (polyester and nylon) lining placed on a bed 
of sand, and was covered with a similar material. The pump house for this 
pond was equipped with two pumps, to transfer water into the surface circu-
lating system through a buried, 150-psi ductile iron pipe. (This pipe was 
also connected into the above-ground, 500-bbl rectangular water storage 
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tank—see Fig. 4-6.) During Fiscal Year 1983, the 5-million-gal. pond was 

the rest came from the on-site water well. 

Slimline Downhole Instrumentation
The months preceding the MHF Test saw a concerted effort to develop 
two slimline, high-temperature tools for use inside the 4 1/2-in. frac string 

package that, to this day, has no equal in the commercial logging industry. 
This tool was designed to operate not for hours but for  in the hostile 
(high-pressure and high-temperature) environment at 11 200 ft in EE-3, 
where the temperatures reached almost 240°C. Instead of the time-sensitive 
Dewars or heat sinks normally used for thermal protection of electronics 
and instruments, this slimline geophone package incorporated high-temper-
ature components having very long operating lifetimes. 
 The second slimline, high-temperature tool was a multi-detonator sonde 

EE-3 to calibrate the geophone packages deployed in adjacent boreholes. 
This tool incorporated a collar locator for correcting cable-depth measure-

signal. This detonator tool was successfully tested in borehole environments 
at temperatures in excess of 270°C.

 Note: Almost from its beginning, the HDR Project had operated at or 
beyond the limits of existing downhole technology with regard to equip-
ment, instruments, and experimental techniques (see the Appendix for 
a complete discussion of the large array of downhole tools and sensors 
developed by the Laboratory for the HDR Project). This proved to be 
particularly true for downhole seismic instrumentation, the principal 
reservoir diagnostic technique.

Preparation of the EE-2 Site and Borehole
On November 2, orders were given to skid the rig back to EE-2, and by 
November 8 it was in place. After the blow-out preventer had been installed 
and rigged up (to preclude anticipated problems with dissolved gas), the 
4 1/2-in. drill pipe was picked up and run in the hole with an 8 3/4-in. bit 
on bottom. At a depth of 5400 ft, the borehole was circulated for 70 minutes 

7770 ft, at which depth a gas "kick" stopped further operations. After exten-
sive circulation, the bit was tripped in farther still, until the top of the sand 
plug was tagged at 11 996 ft, 418 ft below the casing shoe. A number of 
logging runs and a casing scraper run (on drill pipe) were then done. 

pipe: four separate bentonite and sand slurries were pumped in, at intervals 
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of the sand plug was 11 648 ft—leaving a 70-ft open-hole interval below 
the casing shoe for the MHF Test. The 4 1/2-in. drill pipe was then pulled 
from the hole.

Installation of the Otis Casing Packer 
The packer selected to protect the EE-2 production casing from full pump-
ing pressure during the MHF Test was an Otis steam packer equipped with 
a retrievable, 40-ft-long slick joint having an outer diameter of 5 1/8 in. 
and an inner diameter of 4 in. A packer of this type had been successfully 
used during Expt. 2020, at surface pressures up to 7000 psi—80% of its 
rated pressure—and had performed well for an injection period lasting 
about 15 hours at rates up to 32 BPM (until the frac string failed—see  
Fig. 6-13). At the time, there had been a kind of "superstition" among the 
Los Alamos personnel working with Otis on the design of this packer, that 
over extended pumping periods the injection pressure would slowly creep 
up. In fact, this belief was unfounded—  supported it. The joint 
behavior discussed earlier (in the sidebar 

) directly counters such a 
belief, as do the reservoir16 data shown in Figs. 6-9 and 6-13 (both for near-
constant-pressure injections of around 1 million gal. into the same rock 
mass that would be further stimulated during the MHF Test). 
 As part of the collaboration with Otis, a retrievable "control" packer 
was also developed, to be installed in the casing  the steam packer. 
Its principal component was an integral check valve—known as a "foot 

the event of a high-pressure leak in the steam packer (a major concern for 

permitting the steam packer to be replaced. In addition, it would enable 
any part of the frac string or other component downstream of the surface 
master valves to be repaired without venting-down of the reservoir. And 
most important, in the event of a blow-out at the surface, the foot valve 
would activate immediately, well before the master valves could be closed 
by hand. 
 On November 20, the Otis control packer was given a test run. After 
it had been set at a depth of 2000 ft, a pressure-check of the foot valve 
showed no leakage. But the next day, when the control packer was run back 

16At this time (just before the MHF Test) there was no "reservoir" in the truest 
sense, because no hydraulic connection had been established between the bore-
holes (that would happen almost two years later, during Expt. 2059, when the 

"reservoir" as used here, then, should be understood as a pressure-stimulated 
region that would later become a true reservoir.
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found 460 ft higher up in the hole. The design was reworked to prevent this 
problem (unfortunately, because several months would have been needed 
to implement the change, in the end the control packer was not installed for 
the MHF Test—a big mistake!). But the premature release of the control 
packer sounded an alarm with respect to the steam packer: might it too 
release prematurely? In an effort to head off such an occurrence, the packer 

-

same way!)
 For a couple of days the borehole was circulated with the rig pumps to 
cool it down, and several logs were run. On November 27, the refurbished 
Otis steam packer was run in on drill pipe and set at a depth of 11 297 ft 
(281 ft above the casing shoe). To test whether the setting was successful, 
the drill pipe was used to pull up on the packer with 65 000 lb of force and 
then to push down on the packer with 60 000 lb of load. In neither case 
was there any perceptible movement of the packer, indicating that it had 
set properly. The drill pipe was unlatched from the packer and tripped out 
of the hole, the jay-latch was removed, and a special assembly (including 
a short slick joint with a vented joint below) was attached, for pressure-
testing of the packer. The drill pipe was tripped back into the hole, and after 
the special assembly had been stabbed into the packer, Dowell successfully 
pressure-tested the packer by pumping into the 70-ft EE-2 injection interval 
at pressures up to 4000 psi (essentially using the Expt. 2020 reservoir as a 
high-pressure "plug": the 4000-psi pressure was lower than that required to 
open the joint network). Finally, the drill pipe and testing assembly were 
pulled from the hole and the drill pipe was laid down. 

EE-2, with the Otis steam packer, slick joint, and associated hardware in 
relation to the casing and the open-hole injection interval. 
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Fig. 6-17. 
during the MHF Test. 
Adapted from Dreesen and Nicholson (1985) 
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Installation of the Frac String
The new, low-alloy-steel 5 1/2-in. (20 lb/ft, C-90) frac string for the 
MHF Test in EE-2 had been received almost a month earlier. This specially 

fully adequate frac string used in the Fenton Hill stimulation efforts. It was 
run into the hole on November 28, with the 40-ft-long slick joint for the 
Otis packer and a mule shoe on bottom. The slick joint was stabbed 31 ft 
into the packer, leaving 9 ft for thermal expansion if the borehole had to be 

(locator) sub, to limit the upward movement of the packer if it became 

valves below a frac head consisting of two "crosses"—a 10 000-psi-rated, 
multiple-inlet manifold for the injection operations.

Pre-Pump Test 
On November 30, the packer and frac string were pressure-tested. A Dowell 
pump truck was employed to inject 95 000 gal. of water into the Expt. 2020 
reservoir at rates varying from 1 to 8 BPM and pressures up to 6000 psi 

the injection pressure leveled off at about 3250 psi—considerably lower 
than the 5400-psi joint reopening pressure plateau at the beginning of  

of the  joint network remaining after the long-term venting of the 
Expt. 2020 reservoir was very small—about 3800 gal. 
 The injection rate was then stepped up to 2 BPM for 1 hour. Near the end 
of this period, the injection pressure rose to nearly 5000 psi, replicating the 
levels observed during the early stages of Expts. 2018 and 2020. Although it 
was not recognized at the time, this evidence for a continuing high injection 

slippage) along the near-borehole joint connections to the reservoir—even 
after the very large injection of 844 000 gal. during Expt. 2020. 
 This test, which effectively subjected the packer to 90% of the projected 
maximum bottom-hole injection pressure at 80% of the maximum cooldown 
for the MHF Test, showed that the frac string and the packer were func-
tioning properly. Throughout the test, the annulus pressure was maintained 
between 1500 and 2000 psi by the injection of water during cooldown and 

water matched those anticipated for a closed, leak-free annulus. 
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Fig. 6-18.
Pre-Pump Test (November 30, 1983).
Source: Murphy, 1984 

-
ment yet of the true value of the opening pressure for the principal (i.e., the 

17 This value 
is obtained from the pressure asymptote at the end of the 4-BPM injection 
plateau near the end of this test (at about 19:00, following some 7 hours of 
injection—by which time the frac string was fully cooled down and both 
the single joint entrance from the borehole and the several interconnecting 
joints to the Expt. 2020 reservoir were thermally dilated). 

Pumping Equipment 
Fourteen pumping units and twenty-one auxiliary support units were 
mobilized for the MHF Test, making the area of the site west of EE-2 quite 
crowded (Fig. 6-19). A blender and an industrial transfer pump were tied 
into the main 12-in. transfer line from the 5-million-gal. water storage 
pond, which discharged into two 1600-bbl storage tanks. The blender was 

17In the discussions of injection testing in this chapter, the terms "joint-opening 
pressure" and "joint-extension pressure" have been used more or less inter-
changeably—because, except for the very smallest of joints, the pressure 
required to extend the undilated ends of resealed joints is very close to that 
required to jack them open (Murphy, 1984).
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pre-hydrated liquid chemicals used in previous experiments, this friction 

having smaller openings), thereby enhancing, it was hoped, the chances that 
one or more major joints could be driven upward to intersect EE-3. In total, 
220 000 lb of 300-mesh (0.05-mm) calcium carbonate would be injected 
into EE-2 during the MHF Test. 

Fig. 6-19. Dowell equipment deployed around EE-2 for the MHF Test. 
Source: HDR Project photo archives 

 A minimum of 13 000 HHP was needed for moderate loading of the 

of and repairs to the pumps. Two high-pressure manifolds, each with a 

suction side; and fourteen high-pressure pumping units were installed on 
the discharge side. The small size of the area available for the pumping 
system was a source of concern, but this equipment plus a nitrogen pump 
(nitrogen was used to pressure-test lines under the extreme winter tempera-
tures), two fuel tanks, a light plant, and a pump control bus were success-

was accessible for repair or replacement, if needed, during the MHF Test, 
and neither the frac head nor the majority of the high-pressure lines were 
visible from the control bus.
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Pulsation-Induced Fatigue of High-Pressure Lines 
Pulsation of the high-pressure lines, frac head, and tubing over a prolonged 
period of pumping can cause fatigue and failure of the injection system. 

-
tion dampeners were installed on the discharge side of the pumps. Instead, 
alternative measures were developed to minimize pulsation: (1) suction-
side dampeners were to be properly charged and valved; (2) the suction 
system was to be operated at the optimum pressure; (3) the suction hoses 

high-pressure lines would be limited. 
 Four high-pressure injection lines—two from each manifold attached 

 
4 1/16-in. (103-mm), 10 000-psi (67-MPa) crosses on the frac head, with 

with the nitrogen pump to 8000 psi (54 MPa). 

Last-Minute Preparations 

carried out by Dowell personnel. All the pumps and engine drives were 
checked one last time; the connections of the pumps to the two high-pres-
sure manifolds and the four high-pressure lines connecting these manifolds 

with nitrogen; a cement pumper equipped with displacement tanks was tied 
into the annulus between the frac string and the casing, to measure the injec-

throughout the MHF Test; the 14 Dowell pump trucks were connected up to 
the two 1600-bbl water-storage tanks supplied from the 5-million-gal. pond; 
Laboratory personnel deployed and calibrated the deep geophone packages 
in EE-1, GT-2, and EE-3 (Fig. 6-20) (downhole seismometers were already 
in place in GT-1 and PC-1); and the Data Acquisition Trailer (DAT) moni-

comprehensive safety meeting with all the Laboratory personnel actively 
involved in the MHF Test as well as the Dowell supervisors (the meeting 
room was full!). 
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Fig. 6-20. Section view of the deep seismic array used for the MHF Test, 
projected onto a N45E plane. All geophone depths shown in meters are 
true vertical depths; those shown in feet are slant depths (measured along  
the borehole). 
Source: HDR Project data archives

 Note: The principal seismic stations used to determine event locations 
during the MHF Test were the geophone in GT-1 and the deep geophones 
in EE-1 and EE-3. The deep geophone in GT-2 served as a backup. The 
seismicity recorded at PC-1 was not often used because of problems 
with signal attenuation and the need for a rather large station correction, 
as determined from calibration shots run in EE-3 just before the start of 
the MHF Test (the slimline high-temperature detonator tool, although not 

MHF Test). 
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The MHF Test: The Largest Injection Ever
As discussed earlier, the injection interval for the MHF Test in EE-2 was the 
reduced (70-ft) open-hole region between the casing shoe at 11 578 ft and 
the new top of the sand plug at 11 648 ft (see Fig. 6-17). Pumping began 
at 16:00 on December 6, 1983, and except for a few brief interruptions 
continued for 61 hours. A total of 5.6 million gal. (21 000 m3) of water, 

carbonate diverting agent, was injected through the packer into this short 

and 43 BPM at a pressure of 7000 psi (48 MPa), which was attributed to 
inconsistent additions of friction reducer. 

Retrospective: The MHF Test Was Premature

should not have been carried out in early December 1983. Pressure 

boreholes, in addition to an extremely tight funding situation, precipi-
tated the decision to go forward with the test—in the face of a number 
of limitations and obstacles that should not have been ignored: 

December, with heavy snowfall. 
Because of time and cost constraints, pulsation dampeners for 
the 14 injection-pump discharge lines had not been obtained.
The control packer and foot-valve assembly (a "safety" packer 
for installation just below the Otis steam packer in case of packer 
failure or surface blow-out) was not available because of insuf-

at the factory. 
The second deep borehole for the Precambrian Seismic Network 
had not yet been drilled.
Time was too short for the backside pump truck to be relocated 
well away from the congestion near the drill rig.

 Even so, the MHF Test went forward—with the result that a blow-
out occurred that severely damaged the EE-2 borehole. In fact, the 
damage was so severe that EE-2 had eventually to be redrilled, at 
considerable added expense. In addition, yet another DOE advisory 
panel dictated both the drilling methodology and the trajectory of the 
new "leg" of the borehole relative to the original hole. 
 Had the MHF Test instead been delayed until the following spring, 
many of these limitations and obstacles could have been overcome, the 
blow-out could have been averted, and the HDR Project could have 
saved considerable time and money.
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 Early during the test, the 1-million-gal. surface pit next to EE-2, water 
from which was being commingled with water from the pond, was emptied 
to make room for vent-back water in the event of a downhole failure. 
Injection at a pumping rate of about 40 BPM, as dictated by the injection 
pressure limit of 7000 psi, was subsequently achieved and lasted for the 
remainder of the pumping period. 

-
sure during the MHF Test. Except for some erratic behavior during the 

maximum injection rate of 43 BPM at 7000 psi. 

 Note: The injection pressure creep up at the maximum injection 
rate of 43 BPM during the 2 1/2 days of the MHF Test (as erroneously 
stated in some reports) but remained constant at about 7000 psi. 
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Fig. 6-21. 
the 2 1/2 days of the MHF Test in EE-2. 
Source: Dreesen and Nicholson, 1985

what would have been seen throughout the MHF Test had it been conducted 
at this originally planned rate (had the DOE-appointed outside advisors not 
prevailed). From 10:30 to 13:00 on December 8, without the use of any fric-
tion reducer, the injection pressure averaged about 6300 psi, about 800 psi 
above the joint-opening pressure of 5500 psi measured during the Pre-Pump 
Test. The only measurement of the joint-extension pressure during the MHF 
Test itself was done about 2 hours after the test began; at that point, at the end 
of the 5-BPM injection (Fig. 6-21), the measured value was 5770 psi—close 
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to the 5500-psi value (but somewhat elevated because the 2 hours of low-

 The 61-hour pumping period saw nine failures of high-pressure pumps, 
of which two were caused by washouts of heads, one by loss of a power 
end, one by a broken tie rod, and one by a blown-out pump plunger. These 
failures resulted in an estimated 190 hours of downtime of individual 
pumping units. Routine maintenance, service, and minor repairs accounted 
for another 56 hours of pump downtime. 
 Many of the pump failures occurred when the pumps were being operated 
at rates  those recommended for long-term, continuous operation 

pulsation was minimal; over the next 16 hours it increased intermittently 
and after that occasionally became severe. For the last 26 hours it was 
kept at moderate levels for the most part, by modifying the pumping rate 
or changing out pumping units. But discharge pulsation  the eventual 

A Blow-out at the Frac Head
The MHF Test came to an abrupt end at 5:10 on the morning of December 9, 
when vibration-induced metal fatigue caused one of the two threaded 

18 on the lower cross of the frac head to fail, leading to a 
catastrophic blow-out of the very large reservoir. Venting of high-temperature 

of the backside pump truck. Personnel in that area were forced to abandon their 
stations. Despite the peril, the rig supervisors—with Bob Nicholson leading 

the frac head, just three minutes after the blow-out began. The reservoir was 
thus effectively shut in and the EE-2 borehole was stabilized—for the moment. 
(The maintenance of this "under-control" shut-in condition for the next several 
months, to enable multiple studies of the reservoir, would have been very 
desirable; unfortunately, that would not be the case.) 

Still No Connection to EE-3
At the time of the blow-out, a total of 5.6 million gal. (21 000 m3) of water had 
been pumped into the one joint connection with the 70-ft open-hole interval 
of EE-2—probably the largest-volume high-pressure injection ever carried out 
in North America.19 Previous experiments at Fenton Hill having been limited 
by mechanical failures, injection volumes had never exceeded 1.3 million gal.

18

19Even if the blow-out had not occurred, the MHF Test would have come to an 
end within a few more hours, because the on-site water supply had been nearly 
depleted by the massive injection.
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 Despite the massive, high-pressure injection, there was no evidence of a 

become clear that a stress cage similar to the one that surrounded the Expt. 
2020 reservoir—but much larger and more pervasive—was developing in the 
hyper-compressed rock mass surrounding the MHF Test dilated region. This 
stress cage continued to grow and extend during the test, isolating the reser-
voir from the adjacent low-pressure jointed region surrounding EE-3. (All that 
was noted at the time was that about two-thirds of the way through the MHF 
Test, large amounts of gas, particularly carbon dioxide, began issuing from 
EE-3. It was postulated that as the stimulated region continued to pressure-
dilate—and thereby volumetrically expand—it progressively compressed the 

the EE-3 joints opened during Expt. 2025.) Following the MHF Test vent-
down, the stress cage was reduced but still present, maintained by residual 

open of a number of joints by pressure-spalled rock fragments. 

Pressure Spallation of Joint Surfaces from Rapid Venting
 

20) 
mixed with and overlain by chunks of the casing cement and fragments of rock. 
 The ejected rock fragments were typically thin in one dimension, and 
most appeared to have come from the surfaces of joints opened near the 
injection interval (which would have been highly thermally dilated during 
the 61 hours of cold-water injection and would not have reclosed quickly—
allowing time for the ejection of some fragments into and up the frac string). 
Other fragments would have been trapped within the closing joints as the 
rapid venting drastically reduced the pressure in the borehole—becoming 
in effect "spallation propping" and holding open the critical near-borehole 

-
ance (and, thereby, productivity). 
 Studies by George Cocks (reported in Murphy, 1984) found that the 
surfaces of the rock fragments were "freshly fractured and rather angular." 
Further, Cocks reported that of the 50 rock fragments he examined, only 6 
appear to have come from the surface of the borehole. It is postulated that 
the pressure "soaking" of the joint surfaces for 61 hours of high-pressure 

permeability rock matrix adjacent to the joint surfaces—creating a region of 
high pressure within the interconnected microcrack fabric. When the blow-

20The anecdotal evidence suggests that the calcite diverting agent, rather than selec-
tively plugging the smaller joints, actually "gummed up the works" in general. 
It was one of numerous techniques adopted from the oil industry that proved to 
be a complete failure (nevertheless, a diverting agent would be used again later).
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aligned with the joint surfaces) would have induced pressure spallation of 
these surfaces, akin to thermal spallation. 

Collapse of the Casing 
During the 3-minute blow-out, the pressure in the inner annulus (between 
the frac string and the 9 5/8-in. casing) 21 increased from 2200 to 2650 psi. 
After the master valves had been closed, continued heating of this shut-in 

rising, but the now tired crew in the control bus failed to notice. The Labora-
tory staff person in the DAT charged with monitoring the annulus pressure 
was also "asleep at the switch": unaware of the rapidly rising pressure, he 
did not instruct the crew that had been forced to abandon the backside pump 
to return to the area once the master valves were closed, to blow down the 
annulus to 2000 psi. (A relief valve had been installed on the backside line, 

Three minutes after closure of the master valves, the annulus pressure—now 
at 3200 psi—burst the safety rupture disk on the annulus vent line at the 
wellhead. The sudden release of the pressure in the annulus allowed the hot 

21This annulus, outside the pressurization string, is commonly called the "back-
side." For clarity, in EE-2 it is henceforward referred to as the "inner annulus" 
because following the blow-out, the annulus outside the 9 5/8-in. production 
casing ("outer annulus") also became a factor as it began venting at the surface. 

InfoNote
 The 61-hour MHF Test represents only one "cycle" of a potential multiple-
cycle "treatment" that could be implemented routinely to increase reservoir 

joint surfaces, pressure spallation would be induced by very rapidly venting 

surrounding the injection interval. The rock spalls thus produced, by "propping" 
the joints open, would reduce the near-wellbore outlet impedance of the produc-
tion wells in a new (or reactivated Fenton Hill) HDR system, thereby increasing 
reservoir productivity. With reservoir productivity remaining the principal issue 
to be addressed in a commercial demonstration of HDR, pressure-spallation 
propping offers a heretofore unrecognized technique. Its effectiveness would be 

impedance indicated before the MHF Test (see Fig. 6-18). 
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 The pressure differential created between the high-pressure, dilated region 

estimated to have reached as high as 9000 psi. It was enough to dislodge the 
steam packer and push it upward about 9 ft, until it engaged the lugs on the 
no-go sub (Fig. 6-17). At the same time, the pressure differential between the  
9 5/8-in. casing and the annulus (the outer surface of the casing was effectively 
pressurized to over 5000 psi by several dilated joints obliquely intersecting 
the borehole) caused the casing to collapse onto the frac string in at least two 
places. It would be found later, during an assessment of the damage to the 
borehole (mainly Expt. 2036), that the frac string had been severely indented 
by the collapsed sections of casing and was clamped inside the casing at 
depths of 10 740 ft and 10 900 ft. 

Multiple-Path Venting of the Reservoir 
After the rupture disk had burst and relieved the pressure in the inner 

-
voir—was being channeled into the annulus through splits in the collapsed 
casing. 

-

path. Then, to enable the shut-in frac string to vent to the choke manifold as 

intact one from the upper cross of the frac head, closed the isolation valve 
between the upper and lower crosses, reopened the master valves below the 
frac head, and began a controlled vent-down of the reservoir through the 
frac string. 

frac string started through the choke manifold, thermal expansion caused 
the frac string to begin rising through the blow-out-preventer stack. As the 
frac string continued to rise, one of the chains attached to the derrick legs 
to stabilize the frac head broke and the remaining chain was bending the 
very stout, 5-in. landing joint to the side. (The frac string would eventu-

had been displaced upwards—taking up the entire 9-ft thermal expansion 
allowance—and had engaged the lugs on the no-go sub.) Fearing that the 

string in an attempt to rapidly reduce the surface venting pressure, now at 
about 5000 psi. The ensuing high-rate vent-down of the MHF Test stimu-

both the frac string and the inner annulus through the choke manifold kept 
the blow-out under control, but during this period the surface temperature 
of the vented water rose as high as 227°C. 
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 The replumbing work had scarcely been completed when a new compli-
cation arose: the outer annulus—above the 11 578- to 10 620-ft region of 
tag-cemented 9 5/8-in. casing—was now venting as well. Overpressure 
had caused the rupture disk protecting this annulus to burst. (It would later 

more joints connected to the high-pressure reservoir, was responsible for 
the overpressure.) Not only was the reservoir venting what appeared to be 

the outer annulus into the Phase I reservoir, through splits in the 13 3/8-in. 

mentioned above, this frac-around in fact represented the failure of the tag 
cement used in the EE-2 completion. It is estimated that before it was all 
over, more than half the water that had been injected during the MHF Test 
was vented back. 

Analysis of Seismic Data 
A superb seismic data set was obtained from the MHF Test, which would 
be analyzed and re-analyzed over the following years. These data would be 

-
lated region (perhaps the most important information provided by the MHF 
Test was that a very large pressure-stimulated region of jointed basement 
rock was clearly delineated by the boundaries of a "cloud" of microseismic 
activity) and, later, the orientations of some of the joints stimulated within 
that region. The multiple applications of such data highlights the great 
importance of seismic interrogation of HDR reservoirs—destined to be the 
operator's "eyes and ears" for the development of future HDR reservoirs—
and the need for further development of this critical diagnostic tool.

InfoNote
 In the not-so-distant future, microseismic data from a modest initial stimu-
lation (recorded both by near-surface geophones and by a triaxial geophone at 
the bottom of the injection borehole) will be used to preliminarily determine 
the orientation of the reservoir. On the basis of that orientation, surface loca-
tions for the two production boreholes will be established, and the boreholes 
will be drilled to appropriate positions—one above each end of the elongated 
initial reservoir. A geophone package will then be placed at the bottom of each 
production borehole, and a much larger reservoir stimulation will be carried 
out. The seismic data recorded will guide "mid-course" corrections to the 
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 Seismic monitoring of the MHF Test began shortly after the start of injec-
tion and continued for about 84 hours. Because the region being pressure-
stimulated initially was the same as the Expt. 2020 stimulated region, it was 

as the envelope of the Expt. 2020 dilated region started to expand, the level 
of microseismicity began to increase rapidly. 
 Although the growth of the MHF Test stimulated region was followed in 
real time, through application of the hodogram method to the triaxial signals 
received at the geophone installed in EE-1, this approach was abandoned 
after the MHF Test and would never be used again. It was replaced by a 
methodology whereby the inversion of the arrival times (P- and/or S-wave) 
at the two Precambrian Network stations and the three deep geophone 
stations (see Figs 6-16 and 6-20) was used to accurately locate the individual 
microseismic events generated during the MHF Test. In addition, the surface 
network of nine 1-Hz, vertical-component geophones received a very sparse 

resolution on at least one station). Only about 10% of the most energetic of 
these signals were used for fault-plane solutions and to ascertain displacement 
directions for these larger events. Digital data from the downhole geophones 
represented about 1800 seismic events. All of the data were recorded on 
analog magnetic tape (15-ips Ampex tape recorders). Seismic ray paths to 
the downhole geophones in EE-1, EE-3, GT-1, and GT-2 were entirely within 
the basement rock and were assumed to be straight. In contrast, ray paths 
to the surface stations and, to a lesser extent, to the more distant borehole 
instrument located in PC-1, were distorted by the lower-seismic-velocity 
sedimentary and volcanic rocks that overlie the Precambrian surface.  
Arrival times were picked from digital seismograms with a precision of 
1 ms, which implies an optimal spatial resolution of 6–10 m. 
 The seismic velocities used—5.92 km/s for P and 3.50 km/s for S—were 
obtained from detonator calibration experiments. Slight variations from 
assumed constant velocities were compensated for through station correc-
tions, obtained from detonator calibration experiments and from a suite of 
well-recorded events within the pressure-stimulated region. The fact that 
individual station corrections amount to only a few percent of the travel 
times to the stations supports the constant-velocity assumption. The only 
exception was the outlying downhole station PC-1; its position some 200 m 
above the granite, in a sedimentary formation, was responsible for consider-
able delays in both P and S arrival times relative to the constant velocity, 
which necessitated corrections as large as 10%. 
 Of the 1800 events recorded during the MHF Test, 844 were located 
and digitized with computed spatial errors of less than 50 m (the precision 
of relative locations is estimated to be 10–20 m and that of absolute loca-
tions 50–100 m). This subset of recorded MHF Test seismicity is shown in  
Fig. 6-22. The magnitudes of these events ranged from –3 to 0 on the 
expanded Richter Scale. 
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is evident. Also shown is the 70-ft injection interval in EE-2 (bounded at the 
top by the casing shoe and at the bottom by the sand plug). 
Source: HDR Project data archives

region surrounding EE-2. In striking contrast to the short injection interval, 
the seismicity extends upward along the borehole for at least 500 m—above 
the top of the tag cement, to a vertical depth of about 3100 m (corresponding 
to a slant depth of 10 200 ft). A second notable feature is the almost total 
lack of seismicity around the target borehole, EE-3. Finally, the downward 
extension of the seismic region, to more than 300 m below the top of the 
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sand plug, demonstrates the futility of using sand plugs to control the 
growth of a reservoir region consisting of multiple interconnected joints.

depths of 10 740 ft and 10 900 ft (there may have been others as well). 
Because both of these points are well within the microseismic cloud, it is 
probable that these collapses were due to the pressure exerted on the casing 
by highly pressurized open joints intersecting the borehole at these depths. 
 Observation: If these open joints could have been produced at the surface 
via the inner annulus, the Phase II reservoir could have been completed in a 

-
tion concept of this type—employing insulated injection casing—was 
written into the original HDR patent by Don Brown (Potter et al., 1974); 

Test, was hardly foreseen!
 Figure 6-23 shows the seismic activity recorded during the injection 
phase of the MHF Test, in three orthogonal views. Because there were 
so many well-located microseismic events, the shape of the microseismic 
cloud is most clearly depicted by density plots of these events, in 10-m3 
blocks. Particularly in the (c) view (toward the west), the cloud appears to 
contain "pockets" of seismic activity. 

volume. As seen in the plan view (a) of Fig. 6-23, the seismic events 

planar distribution. They form a roughly ellipsoidal volume dipping 70° to 
the east and extending about 900 m in the N16W direction, with an inclined 
height of about 800 m and an average thickness of about 200 m. Given the 
spatial accuracy of 10–20 m for the microseismic events, this thickness is 
obviously not an artifact of imprecision in the event locations. The vertical 
W–E section view (b) and the S–N section view (c) show the extent—about 
800 m vertically and 900 m horizontally—to which activity and, presum-
ably, pressure-opened joints, spread nearly symmetrically away from the 
injection interval.
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The Volumetric Nature of HDR Reservoirs
The seismic cloud associated with the MHF Test appears to have expanded 
rather monotonically. As a means of quantifying its growth, the seismic 
volume was computed at four times over the course of the test. The results 
of these computations, made by Bob Potter, are shown in Fig. 6-24. This 
plot clearly shows that the reservoir created during the MHF Test was 
volumetric in nature and not composed of a few parallel linear features (as 
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postulated by some). It also shows that the seismic volume of the reservoir 
is directly proportional to the amount of water injected. From this observa-
tion, one can draw a very important inference: To create even larger HDR 
reservoirs, one need only pump at high pressure for longer periods of time. 
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Fig. 6-24. Linear relationship between the seismic volume of the reservoir 

location data during the MHF Test. 
Source: Brown, 1995b 

Fault-Plane Solutions
During the MHF Test, over 700 microseismic events were recorded at one 
or more of the nine surface stations and simultaneously on the two down-
hole Precambrian Network stations. A small subset of these events—those 
energetic enough to be recorded on all nine surface stations—were used to 
study focal mechanisms (the Precambrian Network signals were not used). 

and dilatations, and although their patterns exhibit great diversity, all are 
consistent with shear-slip fault-plane solutions. Only 26 of the 69 events 
(those with magnitudes close to zero on the Richter Scale) provided enough 

(by means of the maximum likelihood method of Dillinger et al., 1972). 
Nineteen of those solutions correspond to one or the other of the two typical 
solutions shown in Fig. 6-25. The difference between the two is traceable 

Fig. 6-25, lies in the southeast quadrant of each solution).
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 The two solutions have in common a near-vertical nodal plane that strikes 
almost north–south. Recall that the strike of the seismic cloud produced 
during injection was N16W (Fig. 6-23a) and the dip about 70° east  
(Fig. 6-23b). This nodal plane is subparallel to the orientation of the seismic 
cloud, which suggests that it may be a dominant fault plane of the micro-
earthquakes and that the earthquake fault surfaces may be . In 
addition, for both solutions in Fig. 6-25 the T axis trends roughly east–west 
and is in reasonable accord with the regional stress observations of Aldrich 
and Laughlin (1984). Cash et al. (1983), having obtained fault-plane solu-
tions nearly identical to these on the basis of data from two experiments 
spatially separated by about 1000 m, proposed that the dramatic differ-
ence in slip direction between the two solutions might be attributable to 
spatial differences in the stresses associated with the nearby Valles Caldera 
complex. This explanation cannot be called upon to account for the differ-
ence in the fault-plane solutions for the MHF Test, however, because the 
events on which the latter are based were not spatially separated.

Intuition vs Geophysics: A Critical Reassessment of the  
MHF Test Seismic Analyses 
Mike Fehler, using his "three-point-method"22 and a statistical analysis of the 

-
tion phase of the MHF Test (Fehler, 1989). These are shown in Table 6-2.

22

a plane in space (Fehler, 1984).
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Table 6-2. 
(all angles in degrees)
Average depth (m) Strike Dip Number of events
3383 N31W 74E 130
3738 N90E 27N 35
3165 N29W 67W 50
3548 N7E 67E 81
3594 N29E 60W 28

-
seismic data set implies that each group of three events consisted of well-
located events (that is, having not only a very pronounced S-wave arrival, 
but also a distinguishable P-wave arrival). The question, however, is—does 
location of the joints whose orientations are most favorable for shear 

the stimulated region? Unfortunately, in the case of the Phase II reservoir, 
-

behavior of the reservoir. This set of principal joints truncates all lower-
opening-pressure joints. The seismic data, in combination with previous 
test data, provide some clues regarding the orientation of these principal 
joints: 

1. The trace of the seismic cloud in plan view (Fig. 6-23a) shows that 
these joints must have a strike of about N16W.
2. The well-measured reservoir joint-opening pressure of 5500 psi 
(e.g., from the MHF Pre-Pump Test) indicates that these joints would 
have a dip of about 45° to the east.23 

 That no north-striking, 45°-east-dipping planes were located by the three-
point method raises questions about the suitability of this approach for deter-

as the Phase II reservoir. However, a re-analysis of the MHF Test data set 
by Roff et al. (1996), using a clustering technique and waveform amplitude 
ratios, does reveal several joints with an eastward dip close to 45°. What 
is certain, then, is that the science of HDR seismology is still evolving.  
(Most of the DOE funding for this effort at Los Alamos was stopped in the 
late 1980s.)

23This 45° eastward dip obtains if one bases the calculation on a vertical stress of 
8300 psi (above hydrostatic) at a depth of 12 000 ft and an associated horizontal 
stress of about 1400 psi. The contravening solution, a 45° dip to the west, is 

be seen from the vertical trace of the borehole positions shown in Fig. 6-22. 
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Fehler and Phillips (1991) note that the total moment of all events recorded 
by the surface seismic network was only 0.1% of that expected (on the basis 

injected). Fehler concludes that even with a computational margin of error 
underestimating the seismic moment by a factor of 10, the level of seis-
micity accompanying the MHF Test was still very low. Therefore, at least 
99% of the injected volume must have been accommodated by 

. From the seismic perspective, aseismic tensile fracturing 
would imply the pressure-opening of a set of joints within the MHF Test 
stimulated region that were oriented approximately orthogonal to the direc-
tion of the least principal earth stress. These joints would therefore be the 
lowest-opening-pressure joints in the stimulated region, would be hyper-

account for a large fraction of the water storage. 

MHF Test "Post-Mortem"

number and distribution of seismic events indicate that a very large system 

this system was tightly sealed at the boundaries and well connected; and 
the high rate of energy production during the rapid vent indicated that heat 

failed to exploit the potential of this expanded reservoir region, but it set 
 of the following 

actions could have spelled success for the MHF Test and protected the very 
valuable EE-2 borehole. 

Despite pressure to get the test under way quickly, time should have 
been taken to rework the control packer and install it below the Otis 
steam packer. 
The scientist assigned to monitor the pressure in the inner annulus 
should have been alert enough to notice the sudden rise in the annulus 
pressure. Quick action to lower it would at least have averted the 
collapse of the casing. 
The team assigned to the backside pump truck should have returned 
to their stations following the blow-out, once the master valves had 
been closed and the frac string shut in. (If the inner annulus had been 
vented down to 2000 psi, the casing would not have collapsed.)
The injection rate should have been limited to 20 BPM, which would 
have markedly reduced the pump-driven vibrations at the frac head 
and probably would have prevented the blow-out. It would also have 

and improving their ability to cope with unforeseen events. 
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The test should have been halted after the injection of 4 million gal. 
(by that point it should have been evident that no amount of injected 
water would achieve a connection).

The Condition of EE-2: Preliminary Investigations
Immediately following the MHF Test, all that was known with certainty 

inner annulus, the frac string, and the outer annulus (between the 9 5/8-in. 
casing and either the 13 3/8-in. casing or—below the latter casing—the 
borehole wall). It appeared that a mixture of steam and water had been 

It should be noted that the venting of the reservoir via this third path gave 
rise to some confusion: even though there had been a previous instance 

which developed during Expt. 2012 in June 1982), the frac-around of 
nearly 1000 ft of cement was surprisingly long. Originating from the injec-

through a network of pressure-dilated joints within the reservoir and eventu-
ally into the outer annulus above the top of the cement at 10 620 ft.24

 In addition, a change in the venting behavior of the Phase I reservoir was 
observed about this time: before the MHF Test, the Phase I wellbores had 
been inactive, with subhydrostatic water levels between 900 and 1800 ft; 
following the test, GT-2 began producing water at a rate of 1–2 gpm and 
EE-1 began producing large quantities of gas mixed with water. This change 

vented through the outer annulus during the blow-out and subsequent vent-
down, most probably via a joint entrance opened from the EE-2 borehole. 
 On December 15, with the reservoir vent-down essentially over, the draw 
works and rig pumps were used for a series of tests to assess the condition 

1. The frac string was stuck in the borehole at an overpull of up to 
70 000 lb. The depth at which it was stuck, based on a rough calcula-
tion from pipe stretch vs. load (uncorrected for temperature), was in the 
vicinity of 10 300 ft. 
2. After 10 hours of pumping at a rate of 6 BPM (a total of ~150 000 gal.), 
the rig pumps were able to pressurize the inner annulus to only  

24As described in Chapter 5, the Project managers, in their desire to complete EE-2 
quickly and to save money, abandoned the elaborately designed cementing plan 
for the 9 5/8-in. production casing at the last minute and instead tag-cemented 
only the bottom 1000 ft. As shown in Fig. 5-4, the actual tag-cemented length 
of casing was only about 960 ft—adequate in the minds of those who thought 
the Phase II reservoir would be developed with a set of essentially vertical 
"hydraulic fractures."
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observed  
no
However, both the inner annulus and frac string were in good commu-
nication with the MHF Test stimulated region. 
3. After 3 hours of pumping at a rate of 3 1/2 BPM (a total of 26 000 gal.), 

returns up the annulus.
4. A run with a Homco sinker-bar/collar-locator tool having a 1 7/8-in. 
outer diameter showed that the frac string was open to a depth of at least 
11 300 ft, i.e., nearly to its lower end, and well below the known points 
of collapse. No attempt was made to log below the frac string with the 
Homco tool (because of the danger involved with bringing the tool back 
up from the casing into the smaller-diameter frac string above); but it was 

borehole was open all the way into the reservoir, and therefore that the 
reservoir could be repressurized via the frac string. 

 The pressurization behavior showed that (a) both the frac string and the 
-

nication with the high-pressure reservoir—the frac string via the short (70-ft) 
injection interval below the casing shoe, and the annulus via splits in the 

pressure reservoir, via the joints intersecting the outer annulus25 at 10 740 
and 10 900 ft, thence into the inner annulus through the splits in the casing). 

observed during the MHF Pre-Pump Test (Fig. 6-18), when a pressure 
of nearly 5000 psi was required to pump into the Expt. 2020 reservoir at 
only 2 BPM. The long period of pressure "soaking" during the MHF Test 
(61 hours), followed by the very rapid vent-down, had drastically altered 

The Condition of EE-2: Further Investigations (Expt. 2036) 
The next few weeks were spent trying to understand what had occurred 
at the end of the MHF Test, and further assessing the damage to the bore-
hole. Experiment 2036, carried out from January 17 to 21, 1984, consisted 
of several low-pressure injection tests with the rig pumps, through both 
the inner annulus and the frac string (Brown et al., 1984). The January 19 

region; Figure 6-26 shows the last two pumping sessions of that test, 
plotted against the natural log of elapsed time. Like that observed a month 

Pre-Pump Test (Fig. 6-18). 

25

from traveling up the annulus and out at the surface; the resultant buildup of 
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Fig. 6-26. 
MHF Test stimulated region (January 19, 1984). 
Source: HDR Project data archives

 It appeared that the region being reinflated—the collapsed network 
of flow paths that remained after the complete vent-down following 
the MHF Test—was now a highly permeable region; its residual fluid 
volume, as indicated by the amount of fluid injected at low pressure, 
was at least 150 000 gal. (2.7% of the 5.6 million gal. originally injected 
for the MHF Test). 
 During the annulus injection, logging in the frac string with a slim-
line temperature tool—past the location of the Otis steam packer at 
11 297 ft—showed that the frac string was open to at least the 2-in. 
diameter of the tool. The temperature logs confirmed that there were 
two fluid entrances from the annulus into the reservoir: a minor one 
at 10 740 ft and a major one at 10 900 ft (Fig. 6-27). Further, injecting 
into the annulus at up to 2800 psi (see Fig. 6-26) showed that there was 
no bypass flow around the Otis packer.
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Fig. 6-27. Temperature surveys in EE-2 (January 19, 1984). Depths are as 
recorded in the logging van. 
Source: HDR Project data archives

 On January 20, logging was done inside the frac string by Dresser (with 
their "freepoint" tool) to determine exactly where the pipe was stuck inside 
the collapsed casing. This log showed that the pipe was free in the borehole 
to a depth of 9350 ft; at 9400 ft it had 40% movement, and at 10 000 ft 
no movement. The tentative conclusion was that the 10 000-ft depth repre-
sented another point at which the casing had collapsed onto the frac string 

and in fact a companion temperature log did not show a split in the casing 
at this depth. It may be that the frac string was simply "corkscrewed" inside 
the casing and being rigidly held at this spot. 
 The injection of a radioactive tracer into the inner annulus during Expt. 

casing between 1600 ft and 2500 ft, dispelling the notion that over this 
depth interval the annulus was somehow connected to the low-pressure loss 
zone above the crystalline basement. In addition, the tracer results showed 

been found earlier: that the inner annulus was not in direct communication 
with the frac string but only with the high-pressure reservoir, via splits in 
the casing adjacent to the joints at 10 740 ft and 10 900 ft (the shallower of 
these being still 120 ft below 10 620 ft, the top of the cement in the outer 
annulus). Further, tracer testing showed that the outer annulus was not in 

an effective seal between the two. 

in the injection impedance of the joint connections to the reservoir. This 
impedance was much lower than expected, given the considerably higher 
values seen previously in EE-2 (Expts. 2011, 2012, 2016, 2018, and 2020). 
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This change—much lower pressures for the same injection rate—signaled 
that a new phenomenon was being observed. As described earlier, the blow-
out that ended the MHF Test had caused pressure spallation of the joint 
surfaces. Some of the resulting rock fragments became trapped within the 
joints connecting the borehole to the reservoir, propping them open.26 

Project Assessment and a Return to EE-3

Given the extensive damage to EE-2 caused by the blow-out at the end of 
the MHF Test, no further testing of the reservoir through EE-2 was deemed 
appropriate. In particular, the frac string bore—narrowed by the indenta-
tions created by multiple collapses of the surrounding casing—permitted 
only slimline temperature logging across the upper part of the reservoir 
(down to about 11 300 ft). 
 At this juncture, then, the focus of Fenton Hill operations turned to EE-3 

boreholes. However, a number of complications beset the plans for renewed 
injection operations in EE-3:

The uncertain condition of the cemented-in scab liner in EE-3
The barely marginal "completion" of EE-3, which left the frac string 
with a low-pressure connection into the Phase I reservoir region—via 
the annulus above the scab-liner cement and the low-pressure joint 
intersecting the borehole at 10 394 ft, just below the 9 5/8-in. casing 
shoe (at 10 374 ft) 
(In July 1983, after Expt. 2025 and before the drill rig was skidded to 
EE-2 for the MHF Test, a  unsealed casing patch had been 
slipped over the stub-end of the cemented-in, 4 1/2-in. scab liner in 
EE-3—at about 10 900 ft—and connected to the surface via the 4 1/2-in. 
frac string. This patch was unnecessary, because any connection to EE-3 
could have been produced directly through the casing.) 
The condition of the 9 5/8-in. production casing 

f 
for service as a production casing, under the plan that EE-3 would be 
the HDR production well. Because of the magnitude of the injection 
contemplated—2 million gal.—the heated-water technique used for 
Expt. 2025 would not be feasible; this time the tension on the casing 
would need to be released.) 

26The fact that rock fragments from the reservoir were ejected during the blow-out 
lends credence to this conclusion. Although in the past some geoscientists had 
asserted that self-propping (resulting from shear slippage along pressure-stim-

-
tion, such a phenomenon was never observed at Fenton Hill. The data show that 
self-propping of the joints near the EE-2 injection interval due to shear slippage 

would have been observed following the 844 000-gal. injection of Expt. 2020. 
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 On the positive side, the region stimulated during the MHF Test was 
somewhat closer to the EE-3 borehole (Fig. 6-23) than the region stimu-
lated during Expt. 2020 (Fig. 6-11). (Unfortunately, at the time the presence 
of the extensive and very pervasive stress cage surrounding the MHF Test 
stimulated region was not recognized; this stress cage would prevent any 
joint interconnection.) 
 On January 24, the EE-2 wellhead was secured and preparations began to 
skid the rig back to EE-3.

Further Repairs at EE-3
As summarized at the end of Chapter 5, the completion of EE-3 had been 
poorly designed. Not only had the 9 5/8-in. casing been set too high, but 
the well was completed solely as a production well—precluding injection 
or stimulation of potential deep reservoir regions—a limitation that created 
ongoing problems when Project plans shifted. 
 January 31, 1984, saw the start of renewed operations at EE-3. The  
4 1/2-in. frac string was pulled and laid down, the drill pipe was picked up, 
and the PBR, tie-back string, and temporary casing patch were pulled from 
the hole. Next, casing jacks were used to try to release the high level of 
tension on the 9 5/8-in. production casing. But the attempt had to be aborted 
when the jacks failed, leading to a 5-week furlough of the drill rig. The rig 
was reactivated on March 14, with the arrival of repaired casing jacks and a 
Dowell pump truck to pressurize them.
 Three attempts were made to grapple and then lift the casing, with the aid 
of various inside spears. After much effort and a number of tool failures, 

f of casing tension was 
released. (Even with the tension fully released, the casing was expected 
to exceed its rated minimum yield stress at full injection cooldown. But 
because the casing was supported by cement, the risk of a catastrophic 
failure was considered to be minimal: the yield stress would be distributed, 
and therefore the rated elongation of the steel would not be exceeded.) 
Then, with a back-off shot, the top ±100 ft of casing was removed from the 
hole. New casing was screwed into the top section of remaining casing and 
torqued to 13 000 ft-lb.
  The Otis high-temperature outside casing patch that had been ordered was 
now on hand, and on March 19 it was attached to a length of 5 1/2-in. tie-back 
string with a PBR on top and run in on drill pipe. But the connection made 
to the top of the 4 1/2-in. scab-liner stub leaked upon pressure testing. (Note: 
No attempt was made to repair or replace the Otis casing patch, even though 
an adequate patch would have saved the next four weeks of effort.) With 
an adequate connection to the scab liner essential for high-pressure injec-

together. It included a 4 1/2-in. Otis casing packer set  the scab liner 
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internal/external seal mandrel; and a 4 1/4-in. PBR above the seal mandrel.27 
The Brinkerhoff-Signal rig No. 78 was furloughed on April 19, and by 
May 4 had been dismantled and removed from Fenton Hill.

Experiment 2042
This injection test in EE-3, which would be considerably larger than  
Expt. 2025 (but at only one-third the injection rate) had a twofold objective: 
to effect a connection with the MHF Test stimulated region, and to further 
investigate the seismic characteristics of the extended joint system initially 
created below the cemented-in liner during Expt. 2025. It was scheduled 
to begin on May 15, 1984, and to last about four days. The injection zone 
would be the same as that of Expt. 2025: the open-hole interval between the 
liner shoe at 11 389 ft and the sand plug at 11 770 ft. 

Attempting a Connection 

than the 20 BPM used during Expt. 2025), mainly because of the complexity 

-
tion  affected only the of the stimulated region and had 
very little to do with joint dilation and, thus, with the potential for achieving 

-
sure at 10 BPM was estimated to be 6000 psi, about 500 psi above the joint-
opening pressure of 5500 psi.
 The 4 1/2-in. frac string was run back in, inserted into the PBR on top of 

a wellhead having a working pressure of 10 000 psi was installed on the top 
of the frac string, and two 3-in., 15 000-psi lines were run from the cross 
on the wellhead to a single 3-in. injection line at ground level. To this line 
were connected four high-pressure (3000-hydraulic-horsepower) triplex 
pumps, each supplied by a single 4-in. suction hose. Three Los Alamos vent-
down lines were installed: one from one side of the cross, one from the inner 
annulus, and one from the annulus outside the 9 5/8-in. casing. These lines 
were tied via a choke manifold into a 10-in. gas-venting system. 
 The suction system consisted of two 100-bbl tanks supplying a blender 
that discharged into the four suction hoses and then through turbine meters 
connected to a 7-in. common manifold. The suction tanks were kept full, and 

27The authors' attempt to reconstruct the twists and turns of this workover effort 
from the daily drilling reports, 25 years after the fact, was an exercise in futility. 
(The later temporary completion of the borehole, in preparation for Expt. 2042, 

Fig. 1 of Dash et al., 1984.) 
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 Injection began on May 15, and as shown in Fig. 6-28, the rate quickly 
reached 8 BPM at a pressure of about 6000 psi (40 MPa). It soon became 

below the liner to the annulus above, but at a low rate relative to the injec-

pressure joint connection below the casing shoe and then made its way into 
the Phase  I reservoir region, maintaining the annulus pressure at between 
1400 and 1700 psi during Expt. 2042. By reducing the differential pressure 

-
nated the need for the backside pumps to pressurize the annulus. The rate 

venting of the annulus at the surface).
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Source: Dash et al., 1985b 
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 Over the next few days, the 6000-psi pressure was held relatively 
constant while the injection rate was gradually increased. Near the end 

10 BPM (420 gpm or 26.5 L/s). Very little can be concluded from this 

varying rate. 
 Unfortunately, Expt. 2042 is notable because of the important parameters 
that were not measured: 

What was the steady-state joint-extension pressure in the stimulated 
region? 

portion went via the liner bypass (frac-around) into the lower part of 
the Phase I reservoir? 

actual frictional pressure loss in the frac string for the 10-BPM injection 

have been determined. (The reason for not venting the annulus—even at 
the end of the test—was probably to avoid raising the pressure differential 
across the several seals in the composite connection to the scab liner.)
 Near the end of Expt. 2042, the injection pressure was 5740 psi and 

interval May 16–17, when a 4-lb/1000-gal. slurry of sepiolite mud (a 

the frac-around. 
 Expt. 2042 was relatively trouble-free. Unfortunately this also meant 
that, with no periods of total pump shut-down, there were no opportunities 
for measuring the joint-extension pressure (but even if there had been, the 

 Despite the magnitude of the injection into EE-3, there was absolutely no pres-
sure response at the shut-in EE-2 borehole—i.e., no hydraulic communication. 
 Pressures recorded during subsequent pumping tests, which were carried out 
periodically over the next four months, showed no evidence of leakage in the 
patch assembly. Further, no damage was detected in the 9 5/8-in. casing from 
the severe cooldown and resultant tensile loads exerted during this test. 
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Investigating the Seismic Characteristics of the  
Expt. 2042 Joint System 
A network of downhole seismic stations provided information on the loca-
tions of microearthquakes produced during Expt. 2042. The deepest of 
these stations were in EE-1 (at 9400 ft) and EE-2 (at 11 300 ft). The other 
stations were at depths of 2460 ft in GT-1; 2148 ft in PC-1; and 8000 ft 
in GT-2. In addition, the array of nine surface seismic stations recorded 
signals from the larger microearthquakes. The monitoring network was in 
operation during the entire injection period (nearly 72 hours) and registered 
about 1300 events. The locations of these events were calculated, on the 

times of signals. Only the most reliable of the calculated locations—a total 
of 830 events—were plotted; these are shown in Fig. 6-29.
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________________________

 The results of Expt. 2042, added to those of Expt. 2025, demonstrated 
that there was no possible way of connecting EE-3 to the MHF Test stimu-
lated region  by redrilling EE-3 into it! But because the longer-range 
objectives of the Project included production of the Phase II reservoir under 
high-backpressure operating conditions at EE-2, it was decided to delay the 
redrilling of EE-3 until the EE-2 borehole could be repaired. 

First Attempt to Repair the EE-2 Borehole  
(October 15–December 18, 1984)

As described in detail in Chapter 5, the 13 3/8-in. (340-mm) intermediate 
casing had suffered damage during and following its placement at a depth 
of 2593 ft (790 m) in EE-2. To enable this borehole to be used for devel-
opment of the Phase II reservoir, a 9 5/8-in. (244-mm) casing string had 
been installed to a depth of 11 578 ft (3529 m) and the bottom 960 ft of 
the annulus between the casing and the borehole had been tag-cemented 
(up to about 10 620 ft), with the remainder left uncemented. Later, during 
preparations for the MHF Test, a special-alloy, 5 1/2-in. frac string and 
a high-temperature casing packer were installed in EE-2 to protect the  
9 5/8-in. casing from the very high MHF Test injection pressures (expected 
to be in the range of 6000 psi). 
 As discussed above, following the MHF Test the condition of EE-2 
was assessed on the basis of (1) the reservoir vent-down behavior;  
(2) the results of the December 15 injection testing with the rig pumps, into 
both the frac string and the inner annulus; (3) the observed change in the 
venting behavior of the Phase I reservoir; and (4) the results of Expt. 2036. 

 Focusing on (b)—the seismicity projected onto a west–east vertical 
plane as viewed to the north—one sees that the vast majority of the 
events recorded during Expt. 2042 occurred above the trace of EE-3. The 
Expt. 2042 seismic cloud is less steeply inclined (at about 55° to the east) 
than that of the MHF Test, shown in view (b) of Fig. 6-23. A residual 
zone of hyper-compression, or stress cage, obviously still surrounded the 
MHF Test stimulated region, even five months after the MHF Test and the 
ensuing reservoir depressurization. This residual stress cage was deflecting 
the Expt. 2042 seismicity away from this region—analogous to what had 
occurred during Expt. 2025, but on a much larger scale. The MHF Test 
stimulated region was still significantly dilated, partly because a large 
amount of fluid was still stored in the lowest-opening-pressure joints (see the 
discussion related to Fig. 6-15 above), and partly because a number of joints 
had been irreversibly propped open by pressure-spalled rock fragments. 
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The picture that emerged from this assessment was as follows:
The 9 5/8-in. casing had collapsed onto the frac string in at least two 
places, at depths of 10 740 ft and 10 900 ft. 

-
nication with the high-pressure reservoir—the frac string through 
the 70-ft injection interval below the casing shoe, and the annulus 
through the splits in the casing at 10 740 ft and 10 900 ft. 
The outer annulus was also connected to the MHF Test stimulated 
region, probably through other joints within the high-pressure reser-
voir that intersected the uncemented portion of this annulus above the 

through the jointed reservoir and around the tag-cemented casing in 
EE-2 gave new meaning to the term —circumventing a 
nearly 1000-ft length of cemented casing!) 
The high-pressure venting of the MHF Test stimulated region into 
the outer annulus had opened a low-pressure entrance into the older 
Phase I reservoir. (In May of 1985, injection testing and temperature 
logging would locate this entrance at 9800 ft.)

 The EE-2 repair operations began in mid October and lasted through 
December 18, 1984. The workover/drilling rig was supplied by Brinkerhoff-
Signal Drilling Co. of Denver, CO. Because of the problem presented by the 

down to the depth of the upper casing collapse (10 740 ft); next, perforate 
the casing; then inject cement into the outer annulus above the top of the 
existing cement at 10 620 ft; and, last, complete the borehole anew to allow 
high-pressure injection or production. 
 The operation to remove the frac string went rather smoothly down to 
10 718 ft, when time was taken out to replace the top 902 ft of the 9 5/8-in. 
casing to repair a near-surface leak. The casing was perforated at 10 600 ft, 
but when adequate circulation could not be established at that depth, it was 
perforated again at 10 550 ft. 
 Next, a bridge plug was installed inside the stub of the remaining frac 

cementing packer was then landed at a depth of 10 292 ft, with a tailpipe 
extending down to 10 424 ft, 126 ft above the perforations. Finally, on 
November 15, 1000 gal. of cement was pumped through the packer and 

the annulus—brought the top of the cement to a level later measured as 
10 378 ft. But it would have been prudent to use additional cement to seal 
off more of this annulus from the high-pressure reservoir, given the likeli-
hood that an extended period of high-pressure operation could give rise to 



Chapter 6   Attempts to Create a Deeper Reservoir394

an even longer frac-around. (With its top at just 1200 ft above the casing 
shoe at 11 578 ft, the existing tag cement provided a meager barrier against 
the joint-opening pressure exerted by a stimulated region already some 
2500 ft high and centered around the casing shoe.) 

 After the cementing packer had been pulled from the hole, the casing 

had sealed both the outer annulus and the perforations. With this principal 
objective of the EE-2 repair operation achieved, the borehole could have 
been re-completed by drilling out the cement, cleaning out the sand on top 
of the frac-string stub at 10 718 ft, removing the bridge plug, setting an 
Otis steam packer just below the deeper set of perforations at 10 600 ft, and 
running the 5 1/2-in. frac string back in. But instead, a second—and more 
extensive—cement job was already in the works, to seal the outer annulus 

from the high-pressure reservoir could still travel via this annulus to the 
loss zones higher up, in the 1900- to 2400-ft depth interval (which was not 
the case: these loss zones were already sealed off from the inner annulus by 
casing, and from the reservoir by the cement job through the perforations at 
10 550 ft). This much larger cement job was aimed at a problem that did not 
exist, and it would have a very poor result.

 Note: This would have been an excellent time for radioactive-tracer 

near the top of the plugged frac string at 10 718 ft (the still-intact 9 5/8-in. 
casing could have been pressurized with the rig pumps while the tracer was 
released deep in EE-2). 

perforated with ten shots over a 3-ft interval, at a mean depth of 9100 ft. 
Six days later, after a number of false starts, a cement retainer28 was set 
at 8892 ft and 7350 gal. of cement was pumped through the retainer, to 
force it through the perforations and into the outer annulus. Unfortunately, 
when a valve on the cementing head was opened (after a wait of more than 

28A cement retainer is a special type of packer equipped with a check valve that 
can be opened by a stinger on the bottom of the drill pipe to allow cement to 
be pumped through it. When the stinger is pulled up and out of the retainer, the 
check valve closes, preventing the cement from being pushed back up into the 
casing by the differential pressure created by the weight of the cement in the 
annulus.

 Note: Eleven years later, in 1995, a frac-around of the tag-cemented 
production casing deep in EE-3A would bring a halt to the Long-Term Flow 
Test (LTFT)—and within months to the termination, by the DOE, of the 
Laboratory's HDR Project. 
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two hours for the cement to set), it was found that the drill pipe was on a 
vacuum, signaling a major problem with this second cement job. 
 The short sand plug at 10 695 ft should have prevented any cement from 

of cement where it should not have been—below the perforations at 9100 ft. 
The cement was drilled out to 9356 ft, and the casing was then pressure-
tested to 3000 psi. In 25 minutes, the pressure dropped 450 psi, implying that 
the perforations had not been completely closed off. 
 When the cement below 9356 ft was drilled out, it was found to extend all 
the way down to 10 650 ft. The conclusion seemed inescapable that almost 
all the 7350 gal. of cement injected had gone on down the hole instead of 
out the perforations and up the outer annulus. Given a calculated volume of 
about 5000 gal. for the casing between 9100 ft and 10 650 ft, the question 
was, where did the rest of the cement (2000+ gal.)—and the water previously 

both were forced through the splits in the 9 5/8-in. casing and out into the 
joints intersecting the borehole at 10 740 ft and 10 900 ft. Just before being 

650 ft of casing; the pressure at the bottom of such a column of 16.6-lb/gal. 
cement would have created a net pressure differential across the 23-ft sand 
plug of at least 4000 psi—more than enough to have washed all the sand 
and cement down and out through the casing tears at 10 740 ft and 10 900 ft, 
thence into the joints at those depths. 
 These joints, then, must still have been open and directly connected to the 
high-pressure reservoir. They were able to accept the cement because they 
were being held open by rock spalls (from the MHF Test blow-out), as can 
be inferred from the fact that on December 15, at a rate of 6 BPM, injection 
pressures of only 2000–2200 psi were required, whereas during Expt. 2020 
injection pressures were over 5000 psi. (It appears that the rapid vent-down 
of the reservoir through the inner annulus, like the vent-down through the 
frac string, resulted in near-outlet pressure spallation.) 
 On November 30, with the cement cleared to 10 650 ft, the hole was circu-
lated clean and then pressure-tested with the rig pumps. When the pressure 
did not build up, even at full pumping rate, it seemed evident that the second 
cement job had failed not only to seal the outer annulus but also to plug the 
perforations in the casing at 9100 ft, thereby seriously degrading the pressure 
integrity of the casing. 
 The hole was cleared of cement and debris down to the top of the remaining 
5 1/2-in. frac string at 10 718 ft. But time and budget constraints then brought 
an end to the "repair" effort in EE-2 (including further attempts to remove 
the rest of the frac string and casing packer). Of the more than six weeks 
spent, almost half had been taken up by the two cementing operations to seal 

quick and 
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successful, the second lengthy, unnecessary, and unsuccessful. In addition, 
unfortunately, when the casing was perforated at 9100 ft for the second 

on top of the Precambrian surface. 
 The drilling supervisors were now forced to focus on the main task of 

-
voir, the bridge plug would have to be removed from just inside the top of 
the remaining 621 ft of 5 1/2-in. frac string at 10 718 ft. To form a tran-
sition from the top of the frac string to the 9 5/8-in. casing, seven joints  
(291 ft) of 7-in. casing were made up and run into the hole on drill pipe, 

long, tapered "mule-shoe" guide (7-in. outer diameter and 5 3/4-in. inner 
diameter), designed to slip over the top of the frac string; however, it was 
not equipped with any type of seal. The transition casing was then washed 
and rotated about 2 ft over the top of the frac string and released.
 Next, a "plug-plucker" assembly attached to the end of 12 joints of small-
diameter drill pipe (2 7/8 in. with a tool-joint diameter of 3 1/4 in.) was run 
in on the bottom of the standard drill pipe. The slips on the bridge plug were 
milled off, and the assembly was pulled from the hole—but sans the bridge 
plug. Over the next eight days, various techniques were tried, at deeper and 
deeper depths, to recover the plug (which obviously was slipping down 
inside the remaining frac string). Eventually the bridge plug lodged at 
around 11 285 ft and was completely "milled up." Now the small-diameter 
drill pipe was able to move freely up and down inside the frac string (past 
the two points of casing collapse), all the way down to the Otis steam packer 
at 11 297 ft. On December 12, with a new bottom-hole assembly and more 
small-diameter drill pipe, the hole was circulated clean to 11 642 ft—just 
6 ft above the top of the sand/barite plug at 11 648 ft. It was now possible 
for EE-2 to be logged with the Laboratory's 3 1/4-in.-diameter temperature 
tool as far as the bottom of the MHF Test stimulation interval. 
 On December 14, a new Otis steam packer was run into the hole on drill 
pipe (along with an assembly that included a tie-back bushing to connect 
to the top of the 7-in. transition casing at 10 419 ft, a crossover sub, and a 
packer-setting tool). After the tie-back receptacle on top of the transition 
casing had been engaged, the packer was landed with its top at a depth of 
10 401 ft (  the perforations at 10 550 and 10 600 ft). The packer seal 
against the casing was then pressure-tested to 2500 psi for 30 minutes; there 
was no pressure bleed-off. 
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 Next, the drill pipe was removed from the hole and laid down, and the 
now-repaired 5 1/2-in. frac string was run in with a slick-joint assembly 
on bottom, which was worked into and through the seal assembly on the 
Otis packer. Finally, the inner annulus above the packer was again pressure-
tested—successfully—to 2500 psi. This test was followed on December 18 
with further pressure testing, by Dowell, under more controlled conditions: 
the annulus was cycled to 2500 psi at least ten times, the pressure bleeding 
off to about 2100 psi between cycles. During this operation, which lasted 
over two hours, the injection of about 450 gal. of water was required to 
repeatedly attain the 2500-psi annulus pressure. (All this water was lost, 
probably through the perforations at 9100 ft; although temporarily closed 
off, apparently this region was never tightly sealed.)

The Status of the EE-2 Borehole at the  
End of 1984: Summary

-
cantly affect preparations for the Initial Closed-Loop Flow Test (ICFT) and 
ultimately lead to the redrilling of this borehole (the EE-2A "leg"). In reality, 
EE-2 provided full high-pressure access to the upper part of the reservoir 
region created by the MHF Test, by two paths—both connected to the new 

casing, the 621 ft of the original frac string (clamped tightly within the 
9 5/8-in. casing at the two zones of casing collapse), the 9 5/8-in. casing 
that extended from the deeper Otis packer at 11 297 ft to the casing shoe at 

unsealed—connection to the stub of the old frac string at 10 718 ft, into the 
inner annulus, and then into the reservoir through the joints connected to the 
splits in the casing at 10 740 ft and 10 900 ft. 
 In addition, the fact that the inner annulus  the Otis steam packer 
was not pressure-tight would be inconsequential for high-pressure produc-

by the packer. 
 Finally, the borehole could be logged with 3 1/4-in.-diameter tools all the 
way down to the top of the sand plug at 11 642 ft, which meant in particular 
that the upper 1200 ft of the reservoir could be temperature-logged. 
  Given all these factors, EE-2 was still a "working borehole," suitable as 

EE-3. Even so, those involved with the EE-2 repair operations mistakenly 
viewed this borehole as a potentially "leaky" one. 
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Redrilling and Pressure-Stimulation of EE-3

As stated earlier, the Project staff had concluded that their one remaining option 
for achieving hydraulic communication between EE-2 and EE-3 was to sidetrack 
EE-3 and directionally drill it through the deeper, central portion of the MHF 
Test seismic cloud. The trajectory for this drilling program, as determined by 
Don Brown, is shown in Fig. 6-30. 
 The information in this section is adapted from HDR Geothermal Energy 
Development Program (1987), Schillo et al. (1987), and the daily drilling reports. 

Sidetracking of EE-3 (EE-3A) 
Early in 1985, the Brinkerhoff-Signal workover/drilling rig positioned over 

trajectory had been selected to (1) penetrate the densest parts of the MHF Test 
seismic cloud, (2) be easy to redirect toward other nearby seismic "clusters" if 

with EE-2, and (3) minimize both the amount of directional drilling and the 
severity of borehole curvature. 
 The new leg of the borehole was to be initiated at a depth of about 9300 ft, 
where the orientation of EE-3 was N77E, 22 1/2°. The sidetracking would exit 
EE-3 to the right, and as drilling proceeded, the inclination would slowly be 
dropped to 11° as the azimuth was rotated 67° (to the right), around to S36E. 
 To prepare for the sidetracking, a 68-ft-long window was cut in the  
9 5/8-in. casing (9285–9353 ft), and then the 9293- to 9330-ft depth interval 
of the exposed 12 1/4-in. drilled hole was underreamed to a 16-in. diameter, 
creating a modest 2-in. ledge for the kickoff.
 After three "half-hearted" attempts to sidetrack off the ledge with 8 1/2-in. 
TCI bits—none of which succeeded—the drilling supervisors resorted to 
cementing-in a whipstock.29 The casing window was lengthened by 20 ft, to 
9373 ft, to accommodate a packstock (a whipstock assembly with a packer 

the hole was prepared; the packstock was installed on the lower stub of the 
casing, with its top at 9349 ft; drilling off the whipstock began; the hole was 

29Eight years earlier a competent directional driller, using smaller-diameter (7 7/8-in.) 
bits, had successfully sidetracked GT-2 twice (GT-2A and -2B) in very hard granitic 
rock, by drilling off ledges on the low side of the 9 5/8-in. borehole—without using 
a whipstock. The success of these kickoff operations clearly involved a high degree 
of "art"—including the selection of the appropriate bit type and size. 
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 In March 1985 the Brinkerhoff-Signal workover/drilling rig was 
dismissed, and a larger drill rig (the Big Chief Drilling Co. rig #47) was 
mobilized to complete the drilling of EE-3A. On April 3, a TCI bit was run 
in to clean out the new borehole and drill it ahead. The next day, a Dyna-Drill 

and caustic soda, was designed to reduce drag, corrosion, torque, and abra-
sion; to improve hole cleaning; and to reduce the recirculation of cuttings, 
which had caused excessive wear on previous bottom-hole assemblies when 

30 From a reading of N88E, 14° on 
April 10—at a depth of 10 026 ft—the trajectory of EE-3A was turned to 
S71E, 15° on April 17, at a depth of 10 841 ft. 

Before drilling proceeded below 10 841 ft, to take EE-3A through the deeper 

EE-2 (with the Laboratory's newly acquired positive-displacement "super-
pump," capable of injection at a rate of 100 gpm and pressures up to 5000 

into the MHF Test stimulated region—up to that time second only to the 

tracer was below the threshold for detection during the drilling of EE-3A. 

lower than those observed earlier in EE-2 (Expts. 2011, 2012, 2016, 
2018, and 2020, and the MHF Pre-Pump Test). 

through the joints at 10 740 and 10 900 ft, rather than out the bottom 
of the borehole below the casing shoe. 

 Experiment 2052 began at an injection rate of 115 gpm. To the surprise of 
many, the injection pressure started out very low and increased very slowly 

-
ance than seen before the MHF Test. In particular, during the Pre-Pump Test  
(see Fig. 6-18), the pressure rose to nearly 5000 psi for an injection rate 
of only 2 BPM (84 gpm), indicating that none of these earlier injections, 

30

longest dimension typically over 1/4 in., which made petrographic analysis much easier.
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"self-propping" (due to shear displacement) of the pressure-stimulated 
joints connecting the EE-2 borehole to the body of the reservoir. 

the EE-2 borehole, not at the bottom—as had been expected—but through 
the joints responsible for the casing collapses at the end of the MHF Test, at  
10 740 ft and 10 900 ft. (Apparently the short MHF Test injection interval 

markedly lower injection impedance combined with the lack of evidence for 
shear-slippage propping strongly supports the conclusion that these joints had 
been propped open by pressure spalls during the violent vent-down of the reser-
voir at the end of the MHF Test. 
 Early in Expt. 2052, a sharp "break-over" in the pressure curve, at 1460 psi, 
provided another clear indication of the opening pressure for the joint set having 

almost exactly orthogonal to the least principal earth stress,31 explaining why 

First Lynes Packer Test in EE-3A—Expt. 2049
While Expt. 2052 was still ongoing in EE-2, preparations began for 
Expt. 2049 in EE-3A. The drilling mud was displaced from the borehole 
with water, then the drill pipe was tripped out and the length of each stand 
measured. It was discovered that an extra joint of pipe had been picked 
up, apparently during the Dyna-Drill run on April 4—which meant that the 
depth of the borehole was 10 875 ft, not 10 841 ft.

 

the open-hole interval would be restricted to only a few tens of feet. On 
April 19, a Lynes packer was set at a depth of 10 830 ft, leaving a 45-ft 
injection interval above the bottom of the borehole at 10 875 ft. 

and opened a joint near the bottom of the interval at a pressure of 3640 psi. 
The extension pressure for this joint reached a maximum of 4440 psi  

31

the least principal earth stress was measured in February 1976 (see Expt. 114 in  
Table 3-12, Chapter 3). 

 By noon on April 20, after the injection of 417 000 gal., the injection pres-
sure had risen to only 1900 psi, showing conclusively that the portion of the 
reservoir closest to EE-2 was now readily accessible to the injected fluid 
through the splits in the 9 5/8-in. casing—that is, more than 800 ft above the 
MHF Test injection interval (11 578–11 648 ft). 
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(an overshoot of 800 psi) in one minute, then over the next two minutes—
until pump shut-in—decayed to 4240 psi. The joint shut-in pressure then 
slowly dropped, and after 18 minutes leveled out at 3640 psi, the same as 
the joint-opening pressure. 
 The second injection, at a rate of 2 BPM for 11 minutes, brought a rise 
in the pressure to 4500 psi. Since a choke had been installed just above 
the packer, it could not be determined whether the joint being extended, at 

of the interval, a different one, or both. Pumping was again shut in, then 
resumed at a rate of 4 BPM for 8 minutes. This time the joint-extension pres-
sure rose to 4600 psi. Finally, when the interval was pressurized once more, 
at a rate of 6 BPM, the joint-extension pressure rose again—to 4800 psi.32 
 During this experiment the annulus was also pressurized, to reduce the 
pressure differential across the packer. But the presumedly simple task of 
quickly pressurizing the annulus with the rig pumps turned out to be a very 

located at 10 260 ft, this joint appeared to be connected to the lower portion 
of the Phase I reservoir (not unlike the one below the casing shoe in EE-3—
at 10 394 ft—that had previously caused so much trouble). Thus, not only 
was the maximum annulus pressure achieved far below the desired 2000 psi 
(only 570 psi), but this joint would also complicate subsequent stimulation 
tests by hindering pressurization of the annulus above the packers. 
 With a total injection of 5600 gal. over 3 hours, Expt. 2049 was a 
successful test of the redesigned Lynes packer.

Continued Drilling Brings Signs of Hydraulic 
Communication with EE-2
On April 21, an oriented core was cut from 10 875 ft to 10 880 ft with a 
Dowdco PDC core bit (8 1/2-in. outer diameter, 4-in. inner diameter). The 
33-in.-long core was recovered in two pieces that were separated by a signif-
icant joint, striking NNW–SSE and dipping 43° to the WSW (Levy, 2010). 
 Drilling over the next three days took the hole to a depth of 11 127 ft; 

run—188 ft in just under 17 hours—was completed on April 25. (Note: Of 
particular interest for any subsequent HDR drilling program, this mud motor 
survived a downhole [static] rock temperature of 233°C!) At the new depth 
of 11 315 ft, the hole trajectory was S30E, 9 1/2°. On April 27 the borehole 
was reamed to bottom—necessary following the Dyna-Drill run—then over 
the next two days it was rotary-drilled ahead, with a TCI bit, to 11 593 ft. 

32The 560-psi difference between the initial joint-extension pressure (4240 psi) and 
the final one (4800 psi) may have been due entirely to the increasing pressure 
drop across the choke and the increasing frictional pressure loss in the drill pipe 
as the injection rate was raised from 1 to 6 BPM. 
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 On April 30, following a bit run to 11 600 ft to clean the hole and drill up 
or recover lost bearings and carbide buttons left on bottom, a second core 
was cut from 11 600 ft to 11 615 ft with a Smith hybrid 7 7/8-in.-diameter 
core bit having four roller cones (cutting a 3-in.-diameter core). About 11 ft 
of core was recovered. A hole survey at 11 615 ft showed the EE-3A trajec-
tory as S32E, 9°. 

-

from EE-2 was entering EE-3A at this depth, at a rate of about 15 gpm. The 
low-pressure joint entrance at about 10 260 ft, responsible for the annular 

Experiment 2057
On the morning of May 2, with the borehole at a depth of 11 615 ft, a second 

sparse data on this experiment (obtained from the driller's log) are given 
in Table 6-3. The experiment ended at 22:51, when the packer failed—as 

amount of microseismic activity was detected from the reservoir during this 
experiment. When the packer was recovered on May 3, it was in good shape 
except for some damage to the jay-latch and the loss of the outer rubber seal 
element, which had been left in the hole. The nearly 5 hours that this packer 
lasted, at temperatures approaching 200°C and a differential pressure close 
to 4500 psi (without pressurization of the annulus), was a world record for 

 
Table 6-3.
11 440 ft (May 2, 1985)
Time interval (h) Pressure (psi) Rate (BPM)
18:13–19:00 4550 6.1
19:00–20:00 4540 6.1
20:00–21:00 4530 6.1
21:00–22:00 4500 6.2
22:00–22:51 4470 6.2

pressures shown in Table 6-3 are similar to those of Expt. 2049, which—
with an inline choke installed above the packer—showed an injection pres-
sure of 4800 psi at 6 BPM. 
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to the major one at 11 440 ft). 

More Signs of Hydraulic Communication with EE-2

25 gpm in total—was observed coming from three joints intersecting the 
borehole: at 12 000 ft, 12 100 ft, and 12 150 ft. Drilling was suspended on 

had increased to 30–40 gpm, and by May 12 to about 60 gpm. The borehole 
orientation, at 12 163 ft, was N44E, 9°. 

packer was run into the hole and landed at about 11 500 ft—below the two 

May 3, and just below the joint at 11 440 ft. Unfortunately, the packer did 

and during this period—on May 20—the drill-rig pumps were used to inject 
water into EE-3A. Almost immediately there was a rise in pressure in the 
shut-in EE-2. Given these portents of success, a high-pressure stimulation 
test (Expt. 2059) was planned for EE-3A. 

The First Successful Connection: Expt. 2059 (May 1985)
-

tion well. However—as shown by temperature logging associated with 
Expt. 2052—the short open-hole interval below the EE-2 casing had 
become plugged with mud and sediment. To clear it, a 1-in. coil-tubing rig 
was mobilized; but instead of setting up to drill and wash out the collected 
sediment using reverse circulation, the drilling managers brought in a 
nitrogen truck (hoping to speed up the cleanout operation by unloading the 
borehole from several successively deeper positions). 
 Unfortunately, this cleaning operation was neither well conceived 
nor well executed, coming on the heels of several reservoir pressuriza-
tion tests through both EE-2 and EE-3A. The pressure-stimulated region 
surrounding EE-2 (up to about the 10 200-ft depth) would have been at 
some modest pressure  hydrostatic. Thus, when the coil-tubing unit 
delivered pressurized nitrogen at a rate of 750 scfm, the nitrogen rapidly 

steam packer—causing the pressure inside the 9 5/8-in. casing below the 
packer to fall considerably below hydrostatic. As had happened 18 months 
earlier, the large inward pressure differential from the reservoir caused the 
9 5/8-in. casing to collapse at a depth of about 10 512 ft, this time onto 
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the 7-in. transition casing below the packer. In the process, the coil tubing 
was ensnared. (This second episode of casing collapse would not be 
discovered until much later, however [see Chapter 7]—though attempts 
at logging in EE-2 with 2 1/8-in.-outer-diameter slimline tools encoun-
tered an "unexplained" obstruction within the 7-in. transition casing at 
this depth.) The nitrogen injection did clear a large amount of mud from 

have accomplished the same thing. 
 Circulation of a solution of soap and cold water cooled the well and 

been done: what had been a "reasonable" EE-2 production well situation—
enabling access by slim-line logging tools well into the Phase II reservoir 
(see , above) and production 
capacity up to pressures of at least 2500 psi—was now compromised. 
Moreover, high-backpressure production of EE-2 would probably not have 
been necessary for the planned LTFT, because the joints connecting the 
reservoir to the EE-2 production interval were already propped open with 
rock spalls generated by the rapid depressurization of these joints at the 
end of the MHF Test (DuTeau and Brown, 1993). In other words, had it not 
been for the botched attempt to clean out the wellbore, EE-2 would have 
been in usable condition for both the ICFT and the LTFT.
 The only positive outcome of this otherwise colossal mistake would be 

of the high-pressure reservoir through the outer annulus following the MHF 
Test blow-out. This joint intersected the borehole at the depth of the casing 
collapse (about 10 512 ft), more than 200 ft above the highest joint intersec-

 Experiment 2059, carried out on May 27 and 28, was aimed at stimu-
 

EE-3A—most particularly those in the depth interval 12 000–12 150 ft. On 
May 28, with EE-3A still at a depth of 12 203 ft, a fourth Lynes packer was 
run in on 4 1/2-in. drill pipe and set successfully at a depth of 11 537 ft, in 
an interval of the borehole that appeared, from a caliper log, to be reason-
ably smooth. The injection interval would be 666 ft long, from 11 537 ft to  
12 203 ft. Over a period of 20 hours, 423 000 gal. of water was injected, 
mainly at rates of 6.2 and 9.6–10 BPM (16 and ~26 L/s) and injection pres-
sures varying from 4740 psi (at 6.2 BPM) to 5900 psi (at 10 BPM), as shown 
in Fig. 6-31. 
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 Pressure rose rapidly at EE-2, and after two hours of pumping, the 

the outset, but as the well was repeatedly surged (shut in for a short time 

reached about 160 gpm (10 L/s), the experiment was stopped—and the 

27 psi/gpm (3 MPa/L/s)—already only twice that measured for the Phase I 
reservoir after several months of operation and a number of high-pressure 
stimulations—and this transient value would certainly drop considerably 
with continued operation. 
 After 20 hours of injection, Expt. 2059 came to a very orderly end, with 
no pipe or packer failures. Pumping was simply stopped at 20:19, and then 

5.6-million-gal. injection of the MHF Test. 
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Fig. 6-32. The invitation to the "Connection Party" held on May 31, 1985. 
(TGIC = Thank God It's Connected!)

 Temperature surveying in EE-3A on May 30 showed that several new 

entrances below these. 
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 Seismically, Expt. 2059 was a dud—which should have been expected, 

let alone extend, the reservoir. During the 20 hours of injection into  
EE-3A, only 20 microseismic events were captured on the newly acquired  
Biomation seismic signal digitizers. Only three of those events were 
eventually located—all within 100 m (330 ft) of EE-3A, at vertical depths 
ranging from 3300 to 3800 m (10 800 to 12 500 ft). 

Final Stage of Drilling in EE-3A

the third Lynes packer, which had been pushed all the way to hole bottom 

drilling proceeded and reached a TD of 13 182 ft (a TVD of 12 926 ft) on 
June 19, 1985. This drilling stage in granitic rock averaged about 12 ft/h 

included two additional coring runs with 7 7/8-in. Smith hybrid core bits: 
12 412–12 438 ft and 12 439–12 459 ft. 
 All in all, the redrilling of EE-3 in deep, hot granitic rock was accom-

that time. 
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 Examination of all four oriented cores from EE-3A revealed that the 
joints in the Phase II reservoir have substantially different orientations from 
those in the Phase I reservoir above: whereas the latter are predominantly 
near-vertical, striking in a wide range of directions, the former are inclined 
in the 30°–60° range. 

Experiment 2061
The deepest stimulation of EE-3A (Expt. 2061) was carried out June 29–
July 2, between 12 555 ft and the bottom of the hole at 13 182 ft. Seismically 
this experiment was very energetic, because a new array of joints was being 
opened. But it failed to connect this deepest stimulated region in EE-3A to 
EE-2—which should not have been puzzling: As shown in Fig. 6-34, almost 
all of the region being stimulated was below the MHF Test seismic cloud, 
but obviously affected by the compressive stress cage surrounding the MHF 
Test stimulated region. This stress cage held potential connecting joints 
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Expt. 2061 are shown in Fig. 6-35. A total of 1.38 million gal. was injected 
into EE-3A at an average rate of 8.8 BPM. Examination of the initial 8-hour-
long injection plateau of June 30, at a rate of just over 5 BPM, reveals that 
the injection pressure was still rising at the end of this plateau, reaching 

Correcting for the 410-psi pressure loss in the drill pipe and choke at this 

close to the 5500-psi values previously measured for the Phase II reservoir.
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Source: Dash et al., 1985a

 Comparison of the Expt. 2061 injection-pressure behavior and seismic 
"signature" with those of Expt. 2020 led to an epiphany in our understanding 

-
tions in pressure, these two experiments look identical (Figs. 6-9 and 6-35). 
In other words, in both cases a new reservoir region was being created (that 
of Expt. 2061 was directly adjacent to the MHF Test stimulated region, but 
the two were ). 
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but small amounts exited through six other outlets (joint intersections) 
between 12 600 and 13 100 ft. All of these data indicate that Expt. 2061 had 
pressure-stimulated a region just outside the MHF Test stress cage. 
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Depths are as recorded in the logging van. 
Source: Dash et al., 1985a 

 Seismic activity was pronounced during Experiment 2061, and many 
events were large enough to be detected at the surface. Later in the experi-
ment, the locations of the events migrated downward (Fig. 6-37) in a 
manner similar to that seen during Expt. 2042. However, as seen in the 
view toward the north, a dense cluster of events in the upper portion of 
the Expt. 2061 seismic cloud appears to be nearly coincident with a deeper 
cluster produced during the MHF Test (see Fig 6-22)—which is perplexing, 

EE-2. 
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Fig. 6-37. Seismicity generated during Expt. 2061. 
Source: HDR, 1987 

Experiment 2062 
Experiment 2062, the second experiment to succeed in connecting the  
two boreholes across the MHF Test stimulated region, was performed  
July 18–20, 1985. In preparation for this experiment, the EE-3A borehole 

 

run in on drill pipe and set at a depth of 11 976 ft. The 585-ft stimulation 
interval thus created overlapped to some extent the Expt. 2059 stimulated 
interval (11 537–12 203 ft). 
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  Experiment 2062 lasted 84 hours; a total of 1.52 million gal. was injected 
into EE-3A, at an average rate of 7.2 BPM. This experiment improved the 

other previously stimulated joints. It was also evident that the main EE-2 
connection to the reservoir was now via the inner annulus (instead of the 
original EE-2 injection interval below the casing, which by this time was 
totally plugged with sediment). 

Experiment 2062, seismic activity was much more moderate (one event 
every 10 to 15 minutes) and the number of events detected at the surface 
was much smaller than during the previous experiment (Expt. 2061). 

Fig. 6-38. 
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Source: Robinson et al., 1985 

2020 and 2061 (Figs. 6-9 and 6-35), it is clear that Expt. 2062 was simply 

4 BPM, the injection pressure leveled off at about 4400 psi—far below the 
joint-extension pressure of 5500 psi. Thus, the injection of over 1.5 million 

reservoir (with no further growth).
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 This experiment did, however, provide the best measure yet of the true 
 

2  seismic reservoir volume of 130 million m3  
1.5 million gal. within the open network of joints, one obtains a porosity of 
0.44 × 10–4. 

Expt. 2062. The principal joint entrance was at about 12 000 ft, and 
secondary entrances are visible at 12 050 ft and 12 300 ft. 
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Experiment 2066—A Seismic Anomaly
-

tivity between EE-3A and EE-2, the Project staff re-examined the results 

offered the opportunity of opening several deeper—and hotter—reservoir 
 

February 1, 1986, was an attempt to open one or more of these potential 
connections. The sand was washed out of the bottom of EE-3A, then the 
borehole was sanded back up to a depth of 12 850 ft (drill pipe measurement).

set at 12 350 ft, in one of the few remaining good sections of the EE-3A 
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borehole (apparently, pressure spallation was taking its toll on the borehole 
surface following several cycles of pressurization). The open-hole stimula-
tion interval thus isolated was 500 ft long. (Note: Following Expt. 2066, 
the Lynes packer could not be recovered from the borehole and was aban-
doned in place, with some associated piping extending up to 12 272 ft. To 
make sure that the Expt. 2066 interval was sealed off from the upper part of 
EE-3A, a barite plug and then a sand plug were placed on top of the packer 
assembly, with the top of the sand at 12 235 ft.)
 Some 996 000 gal. of water was injected during Expt. 2066, at an average 

Fig. 6-40. 
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suggests that a previously unstimulated rock mass was now being pressur-
ized. However, this new region was in very close proximity to the Phase II 
reservoir, rather than below it as was the case for Expt. 2061. In fact, as 
shown in Fig. 6-41, a good portion of the Expt. 2066 seismicity fell essen-
tially on top of the lower part of the MHF Test seismicity.
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Adapted from HDR, 1987

connectivity between them? Given the limited scope of Expt. 2066, this 
question can be answered only partially, on the basis of the related informa-
tion that is available. Apparently, for the MHF Test stimulated region, the 
well-connected joints within the body of the reservoir did not extend all the 
way to the edge of the microseismic cloud. Although the seismic events at 
the cloud's edge were undoubtedly produced by the action of high-pressure 
water along the periphery of the extending reservoir, the joints in that region 
do not appear to be well connected to the "body" of the reservoir. 
 The most likely explanation is as follows: When the Phase II reservoir 
was initially created during the MHF Test, the joints at the periphery of the 
expanding reservoir were extending at a pressure of about 5500 psi. By the 

joints were being held tightly shut by a closure stress of several thousands of 
psi. The mechanics governing how the growing Expt. 2066 stimulated region 
could extend into the periphery of the previously pressure-opened MHF 
Test region is an issue that only a sophisticated coupled analysis could 
resolve. (This analysis would explore the interactions between the changing 
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good topic for a Ph.D. dissertation in rock mechanics!) 
 Only several years later, during static reservoir pressurization testing 
(Expt. 2077 in 1990—see Chapter 7) would it become clear that with lower 
reservoir-operating pressures—in this case more than 3000 psi lower than the 
joint-opening pressure—a large portion of the reservoir periphery was being held 

 The "seismic anomaly" depicted in terms of cumulative locations in 
Fig. 6-41 is illustrated from a different perspective in Fig. 6-42: the temporal 
variation of the focal depths for the induced seismicity during Expt. 2066. 
This distribution shows that although nearly all the events occurred below 
a depth of 3600 m (12 000 ft), they showed some downward growth only 

(Other seismic data plots—not shown—indicate that the Expt. 2066 seismic 
cloud showed some growth toward the south.) 
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Fenton Hill "Resurrected"—A Near-Term Possibility?

 As discussed earlier, it was observed at Fenton Hill that the outer 
boundary of the seismic cloud lies beyond that of the circulation-acces-
sible portion of an HDR reservoir, which occupies a somewhat smaller 
volume. Thus, it is possible to drill a production borehole into a seis-

to connect a borehole to an HDR reservoir, therefore, the dilemma is: 
Where should one drill to best access the circulation-accessible reser-
voir volume? Although seemingly simple, all of HDR reservoir engi-
neering hangs on this question. If the reservoir cannot be connected 
back to the surface, there is no HDR system at all! And because the 
residual stress cage surrounding a pressure-stimulated HDR reservoir 

this issue is far from a trivial one. The very valuable lessons about 
HDR reservoir completion learned from Expts. 2059, 2061, 2062, and 

 Obviously, the EE-3A borehole penetrated the circulation-accessible 
volume of the Phase II reservoir during both Expts. 2059 and 2062, 
as evidenced by the paucity of seismicity and the very gradual rise in 

Phase II reservoir at Fenton Hill can be brought back on line in the 
near future, it will be necessary to drill two new production wells near 
the ends of the seismically delineated reservoir region, to complete the 
HDR circulation system. Ideally, there would be a method of deter-
mining the boundaries of the circulation-accessible reservoir, so as 
to eliminate the risk of having to redrill these new production wells. 
Unfortunately, to our knowledge no such method yet exists; the best 
strategy at this time is to . 
 How can one tell whether a production well has been drilled into 
or outside the circulation-accessible reservoir? If injection pumping is 
very "stiff"—as it was during Expts. 2061 and 2066 (Figs. 6-35 and  
6-40), the production well has been drilled  the circulation-
accessible HDR reservoir. (This same injection behavior was seen 
earlier, in Expts. 2018, 2020, and 2025—see Figs. 6-5, 6-9, and 6-13, 
which show the injection pressure very rapidly rising to the joint-
extension pressure level of 5500 psi.) If injection pumping is "soft," 

(Figs. 6-31 and 6-38), the production well has been drilled  the 



Redrilling and Pressure-Stimulation of EE-3 419

Completion of the EE-3A Wellbore (May 1986)
The completion of the EE-3A borehole was poorly conceived, unnecessarily 
complicated, and eventually a failure. Following the deepening of EE-3A to 
11 615 ft, a temperature log had shown that the top of the Phase II reservoir 

-
tion from the pressurized Phase II reservoir found during the drilling and 
testing of EE-3A). Further, there was a low-pressure joint entrance at about 
10 260 ft (which should have been cemented-off but never was). Given this 
knowledge, EE-3A should have been completed such that the portion of the 
borehole below 11 440 ft remained open to injection and the portion above 
11 440 ft was sealed off with good cement—up into the 9 5/8-in. casing and 
across the "loss" zone at 10 260 ft. 
 But the completion of EE-3A (designed by a contract drilling engineer 
with input from several HDR staff) was instead as shown in Fig. 6-43: A 
cemented-in 5 1/2-in. liner and a 4 1/2-in. tie-back string of special L-80 
tubing were installed, with a PBR assembly on top of the liner and a 
matching mandrel (with seals) on the bottom of the tie-back string. This 
approach was probably driven by worries about thermal contraction imposed 
on the pipe during cold injection; but thermal contraction could have 
been better dealt with by cementing-in a full-length string of 7-in. casing  
(as would later be done for the completion of EE-2A in late 1987). 

only over its bottom 860 ft (11 810 to 10 950 ft). During the develop-
ment of the Phase II reservoir, several liners had been tag-cemented 
from the surface in the conventional way (cement pumped down the drill 
pipe, through the liner, and then back up the annulus). Despite these past 
successes, an untried (at least at Fenton Hill) technique of tag cementing 
was decided upon. First, the borehole was sanded back to 11 810 ft; 
next, the liner was lifted up off the sand plug as the cement was pumped 

with a cement shoe incorporating a check valve), forming a long "plug" 
of cement on the bottom of the hole. The liner was pulled up out of the 
cement plug, then lowered back down—but unfortunately, the cement 

bottom end stopped at 11 436 ft. With the top of the cement at 10 950 ft, 
1665 ft of the open borehole above it was left uncemented—up to 9285 ft  
(the bottom of the 9 5/8-in. casing, which had been cut in preparation for 
the sidetracking). 

 Note: As shown in Fig. 6-43,  the completion of EE-3A, 

10 840 ft—emanating from the high-pressure Phase II reservoir. Although it 
would not be clearly manifested until the ICFT, when a small (3- to 4-gpm) 

casing (see Chapter 7), the presence of this joint suggests that the Phase II 
reservoir extended at least as high as 10 840 ft.
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Fig. 6-43. Completion of the lower part of EE-3A. 



 A cement-bond log run after the 5 1/2-in. liner had been drilled out and 
the sand plug removed down to a depth of 12 235 ft showed that the seal 
between the bottom of the liner at 11 436 ft and a depth of about 10 950 ft 
was good; the liner was judged to be satisfactory for the upcoming ICFT. At 
the same time, it is important to remember that the open annulus between the 
cement at 10 950 ft and the 9 5/8-in. casing at 9285 ft (labeled ANNULUS 
in Fig. 6-43) acted as a manifold, connecting the high-pressure frac-around 
of the cemented portion of the EE-3A liner to the low-pressure joint at  
10 260 ft—and thereby connecting this annulus to the Phase I reservoir.

The Completion of the Phase II Reservoir:  
A Summary

Figure 6-44, a comparison plot of three temperature logs performed in 
EE-3A following Expts. 2059, 2061, and 2062, provides a "picture" of the 
development of the Phase II reservoir connections to EE-3A. 
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2062 (the thicker segment of each curve denotes the experimental interval). 
Source: HDR Project data archives
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 The connections developed during Expt. 2059 are seen at depths of 
11 730 ft and 11 930 ft, while the major connection developed during 
Expt. 2062 was at about 12 000 ft, just below the packer setting depth  
(11 976 ft). The deepest connection was the one developed during 
Expt. 2062, at 12 300 ft. Note that the temperature log for Expt. 2061 
shows a complete absence of reservoir connections below 12 555 ft, but 
shows clearly the low-pressure joint connected to the Phase I reservoir  
(at 10 260 ft), opened when the annulus above the packer was again pressur-
ized with the rig pumps. 
 Finally, as can be seen in Fig. 6-43, the completion of EE-3A resulted in 
a very limited injection interval. Only the short section from 11 436 ft to 

Since a horizontal connection model is irrelevant for the multiply jointed 
and interconnected Phase II reservoir, a much greater range of depths 
should have been provided. Both temperature logging and tracer testing 
several years later, during the LTFT, would show that the injection-cooled 
region surrounding EE-3A extended not only to the physical bottom of the 

the bottom of the open-hole interval. 



Chapter 7
Initial Flow Testing of the Phase II Reservoir, Redrilling of 
EE-2, and Static Reservoir Pressure Testing

-
bore and the EE-2 reservoir zone (Expts. 2059 and 2062) made it clear that 

than originally anticipated. Throughout that period, Germany and Japan 
contributed both funds and manpower to the effort. The Germans withdrew 
from the Project at the end of 1985, but the Japanese maintained a presence 
through the following year. In early 1986, they began pressing strongly for 

 But the lower part of the EE-2 wellbore had twice sustained casing 

in December 1983. Repair work done in the fall of 1984 (see Chapter 6) did 

connection clear down to the top of the sand plug, then at 11 642 ft; but 
EE-2 was also open to the Phase II reservoir through high-pressure joints 
connected to splits in the casing at 10 740 ft and 10 900 ft. The second 
episode of casing collapse, in May 1985, rendered wireline logging in the 
lower part of the wellbore impossible—but at the time the reason for the 
logging problems was unknown (this further damage to the casing would 
not be discovered until November of 1986, 18 months later).
 At this juncture, then, the most reasonable option for testing the Phase II 
reservoir was to make EE-2 the production well and EE-3A the injection well. 

Summary: The Initial Closed-Loop Flow Test,  
Second Attempt to Repair EE-2, Redrilling of EE-2, and  

Extended Static Testing of the Phase II Reservoir

 The Initial Closed-Loop Flow Test (ICFT) greatly enhanced our 
knowledge of the Phase II reservoir, providing information critical for 
establishment of operating parameters for the later Long-Term Flow 
Test (LTFT—see Chapter 9). In addition, the ICFT demonstrated, for 

reservoir: the achievement of a sustained thermal power production of 
10 MW heralded a future three-well strategy that could enable output 
levels of 20 MW or more, with minimal water loss. 

       423 
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 Following the ICFT, a second attempt was made to repair the regions 
of collapsed casing at 10 740 ft and 10 900 ft in the EE-2 wellbore. It 
was during these operations that the second episode of casing collapse, 

-
ered. Given its condition at that time—with three regions of collapsed 
casing, sections of pipe stuck at various depths, and unsealed perfora-
tions in the casing at 9100 ft—the wellbore was deemed practically 
beyond repair. The consensus was that redrilling would be the best 
solution, by sidetracking EE-2 from just above the highest damaged 
section and drilling along a trajectory close to that of the original bore-
hole. This undertaking turned out to be a major one, consuming most 
of the (continually shrinking) HDR budget during 1987–1988; but it 
was essential to provide a competent production well for sustained 

 The redrilling operation was very successful, and in June of 

completed. An extended static pressure test of the reservoir concluded 
this pre-LTFT period. It yielded valuable insights regarding the water-
loss behavior of a tight HDR reservoir under conditions of constant 
pressurization. Following this period, the focus of the work at Fenton 
Hill turned to construction of a permanent surface plant (described in 
Chapter 8).

The Initial Closed-Loop Flow Test

It was mainly under pressure from the Japanese, who were eager to see 

of the Project, that the 30-day ICFT took place in the late spring of 1986 
(May 19–June 18). But its design and execution at this time meant the 
postponement of many necessary repairs and improvements to the surface 
facilities, and to the EE-2 wellbore, the unsound condition of which made 
it usable only as a production well. Although the reservoir had been created 
during the MHF Test and then developed as an HDR circulating system by 
the redrilling of EE-3A through the microseismic cloud, the ICFT was the 

Phase II reservoir. The information in this section is based mainly on the 
comprehensive report on the ICFT published by Dash et al. (1989). 

had two principal objectives:

from the Phase II reservoir on a sustained basis 



The Initial Closed-Loop Flow Test 425

To quantify the characteristics of the reservoir, as a basis for estab-
lishing operating parameters for the LTFT

Ancillary ICFT objectives aimed at gathering the information needed to 
design a productive LTFT were the following: 

-
ance, water loss, and microseismic activity) at two quasi-steady-state 
injection-pressure levels: moderate and high

-

selected time) at each of the two injection-pressure levels 
 By the time of the ICFT, both the injection and production wells had 
undergone considerable reworking. In Well EE-3A, the open-hole interval 

at 12 107 ft, and included a number of joints—at least four and possibly as 
many as eight—pressure-opened during Expts. 2059 and 2062. This interval 
had last been pressurized in July 1985, during Expt. 2062. (Expts. 2061 and 
2066, injection tests carried out in EE-3A in early 1986, opened up joints in 
a region below the Phase II reservoir; neither test achieved any discernible 
connection to Well EE-2.) Thus, Well EE-3A had been essentially quiescent 
for some 10 months before the start of the ICFT. 

in Fig. 7-1. The portion of the open-hole interval stimulated during the 
MHF Test extended 70 ft, from the casing shoe at 11 578 ft to a sand plug 
at 11 648 ft (the 6 ft of debris in this interval had been washed out during 
Expt. 2059).

the end of the MHF Test in December 1983, when the casing collapsed—
and split—at 10 740 ft and 10 900 ft) opened the inner annulus to the high-
pressure reservoir via the two pressure-stimulated joints at these depths; but 
it also damaged the 5 1/2-in. frac string and obstructed logging into the 
MHF Test interval. Logging access was restored during repair operations in 
December of 1984, after which an Otis steam packer was set at 10 401 ft. 

from below the packer to the high-pressure reservoir through the splits in 
the casing. The second episode of casing collapse took place in May of 
1985, when the 9 5/8-in. casing collapsed onto the 7-in. transition casing 
below the Otis packer, once again obstructing logging into the MHF Test 
interval. But this collapse would remain undiscovered until 1986, several 
months after the ICFT. 
 Figure 7-1 also shows the locations of the remedial cementing operations 
described in Chapter 6 and the intersections of the high-pressure joints at 

Phase II reservoir through EE-2 during the drilling of EE-3A). 
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Fig. 7-1.
Adapted from Dreesen et al., 1989 
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The Surface Facilities
The temporary, experimental surface facilities constructed for the ICFT 
included the EE-2 and EE-3A wellheads, the diagnostics and reservoir 

the makeup-water system, the main (rental) circulating pumps, the chem-
ical-sampling system, and a venting system connected to both wellheads 

-
ties, shown in Fig. 7-2, incorporated much of what would eventually be 
the surface plant for the LTFT—the preliminary design for which was also 
completed during the period leading up to the ICFT.
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Fig. 7-2. Schematic diagram of the surface facilities for the ICFT.
Source: HDR, 1989a

 The surface piping that joined these various components was divided 
into six zones, according to pressure rating.1 
 Zone 1 consisted of the short section of high-pressure pipe between the 
EE-2 wellhead (API-rated at 10 000 psi) and the high-low safety valve 

1

facilities at Fenton Hill developed gradually, over many years, and included a 
multitude of piping networks and interconnections that could not possibly all be 
represented.
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(rated at 5000 psi). This zone included the wellhead master valve, wing 

high-low safety valve automatically shut in the well if the EE-2 produc-
tion pressure exceeded 700 psi (to protect downstream components rated 

 Zone 2 comprised the piping between the high-low valve and control 
valve 1 (CV-1). The latter valve was rated at 1500 psi and had a 3000-psi 
working pressure at 400°F; its function was to drop the pressure from 
Zone 2 to an operating level safe for Zone 3 whenever necessary—as during 
high-backpressure experiments and while the strainer was being cleaned. 
 Zone 3 consisted of the components between CV-1 and control valve 6 
(CV-6, rated at 600 psi). The piping for the heat-extraction system— 
part of this zone—was constructed in 1982. The forced-draft, air-cooled 

working pressure of 2500 psi at 500°F but was hydrostatically tested several 
times to 2800 psi. Zone 3 piping was also protected by a 1.5-in. × 2.5-in. 

2 nozzle. This valve could 

 
backpressure experiments during which CV-1 was not used.
 Zone 4 encompassed all of the system downstream of CV-6, including 
the Meyers makeup pumps, and terminated at the suction inlet manifold 
to the B. J. Titan pumps. This low-pressure zone was protected with a 
pressure-relief valve, set at 250 psi. The piping included 4-in. Schedule 40 
and 160 pipe, 3-in. Schedule 80 and 160 pipe, and 6-in. Schedule 40 and 
80 pipe. The rest of the zone was equipped with Schedule 80 and 160 pipe. 
 Zone 5 comprised the piping between the 5-million-gal. pond and the 
40 000-gal., open water-supply tank (this tank provided the suction for the 
Meyers makeup-water pumps). 
 Zone 6—possibly the most critical—consisted of the high-pressure 
contract piping through which water was injected into the reservoir via 
Well EE-3A. Supplied by the B. J. Titan Co., the piping was rated for a 
working pressure of 15 000 psi and consisted of 3-in. pipe with hammer 
unions, valves, etc., feeding the EE-3A wellhead (API-rated at 10 000 psi). 
The system was assembled around a suction-and-discharge-manifold trailer 
and four truck-mounted frac pumps that were remotely controlled from a 
control van. Instrumentation in another van monitored temperature, pres-

suction lines and 3-in. discharge lines, used with remotely operated wing 
valves on the wellhead; and a 2-in. vent line to the EE-1 pond. 
 Critical components of the surface piping were anchored with precast, 
concrete safety blocks, about 40 in all. 
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Circulation Components 
The surface portion of the closed-loop circulation system included several 

The 12-MW, air-cooled, high-pressure heat exchanger (and associated 

reservoir 
The 5-million-gal. pond, which was constructed before the MHF Test 
in 1983 
The two Meyers high-pressure, makeup-water pumps 
The 40 000-gal. water supply tank

blocks for stability and security—carried the hot water from the EE-2 
wellhead to the air-cooled heat exchanger and then back to the inlet of the 
injection pumps. Control valves, strainers, sampling ports, makeup-water 

various points in the loop. Much of this auxiliary equipment would become 
part of the permanent surface plant constructed for the LTFT (see Chapter 8). 

Data Acquisition and Control
All the monitoring and control functions of the loop, except those directly 

in a data acquisition trailer (DAT). Signals from temperature, pressure, and 

all data was processed and stored by equipment located there. Commands 
to change operational conditions could be issued from the DAT, both manu-

of operating parameters, an alarm would sound, and in certain cases the 
system would shut down automatically. A small sample line was located 
between the heat exchanger and the injection pumps, to carry samples of 

from which both water chemistry and tracer returns were monitored. 

Seismic Instrumentation
Seismic monitoring during the ICFT was extensive, carried out via three 

stations installed in 1978 for the Phase I testing, located on a radius about 
2 miles (3.2 km) from the EE-1 wellhead. The second was the three-station 
"Precambrian Network": one geophone package installed near the bottom 
of the GT-1 borehole in Barley Canyon (at a depth of 2460 ft, nearly 400 ft 
into the Precambrian granite); and two packages, each at a depth of about 
2100 ft, in the PC-1 and PC-2 boreholes (which bottomed in the dense 
limestone overlying the Precambrian basement rock). The Precambrian 
Network stations were located approximately equidistant from one another, 
along the circumference of a circle 1 mile (1.6 km) in radius centered on the 
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EE-1 wellhead (and thus also centered around the Phase II reservoir). The 
third network, the wireline-deployed, triaxial geophone package at 9400 ft in 
EE-1, was much closer to the Phase II reservoir than any of the other seismic 
detectors. The surface and Precambrian seismic networks were monitored 
continuously (from the DAT) over the term of the ICFT, but because of 
temperature limitations the deep triaxial geophone package in EE-1 was 
deployed only during four periods of high-pressure injection (ranging from 

Wellbore Temperature Measuring Equipment
Background (pre-test) and post-test temperature measurements in both 
wellbores were conducted with Los Alamos logging equipment, as had 
been done during the Phase II reservoir development experiments. Because 
of the high wellhead pressures during the ICFT, temperature logging was 
handled by commercial oil services companies. For logging in EE-3A 
during high-pressure injection, a grease-injector control head and lubricator 
combined with a small-diameter electric cable were used; the production 
well was logged with a small-diameter slick line and a high-temperature 

Operational Plan
As noted earlier, because of the condition of the EE-2 wellbore in the reser-
voir region, the original plan to use it as the injection well was changed; 

employed during the ICFT and all subsequent circulation testing of the 

water would be injected into EE-3A and hot water would be returned to the 
surface via EE-2 (and, later, EE-2A—the redrilled EE-2).
 In the interest of expediency—given the long lead times needed to 
procure reliable, high-quality injection pumps—four service-company 
frac pumps were rented for the ICFT (despite their rudimentary controls 
and marginal long-term performance capabilities; this type of pump was 
designed almost exclusively for short-duration pumping—less than 1 day). 
 A number of different operating modes were planned for the ICFT, 

backpressure at the production well. These modes included 

which the injection rate would be increased in a number of steps with 
the production well shut in;
an open-loop, gas-purging mode lasting 2 days, during which gas 

two closed-loop HDR power-production modes (at moderate and 

would be added as required; 
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a vent mode, which would be implemented several times during reser-

to further purge gases2 from it; 

decay would be monitored. 

  The ICFT (also known as Expt. 2067) began on May 19, 1986, with EE-2 

5-million-gal. pond and the makeup-water pumps were started. After the 

results of this step-rate test are shown in Table 7-1.

Table 7-1. Step-rate injection testing of EE-3A (May 19, 1986)

Start time
Flow rate, 
BPM (L/s)

Injection pressure 
at end (psi)

16:12 1.7 (4.5) 4060 
17:36 3.3 (8.7) 4380
18:49 4.1 (10.9) 4520 
20:00 7.4 (19.6) 4990

 At 20:18, a small pressure response was seen at the shut-in EE-2. 
Constant-rate injection, at 4.5 BPM (11.9 L/s), began at 21:15. 

Open-Loop Circulation

extended all the way from the inlet side to the outlet side, as evidenced by 
a consistent pressure rise in EE-2—the system was put into an open-loop 
circulation mode for 2 1/2 days. During this time, injection had to be shut in 
several times because of equipment problems as the reservoir was purged of 
start-up gas (N2).3 

2Entrained gases proved to be a particularly vexing problem during the ICFT, with 
venting often required to get rid of them; interestingly, during the LTFT a few 
years later, no such problems would be encountered (probably because most of 
these gases had been expelled during the ICFT). 

3Nitrogen was injected along with water into the EE-3A wellhead to "clean out" the 

2 came out of solu-
tion, the buoyant "lift" in EE-2 would be increased and create a surging effect. 
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Closed-Loop Circulation

pressurized-circulation, closed-loop segments of the ICFT began. Hot water 
produced from Well EE-2 was piped to the heat exchangers for cooling, 
then combined with makeup water (drawn as needed by the makeup 
pumps, from the water supply tank) and fed to the high-pressure injection  

pressures were both moderate (4.0–4.3 BPM [10.6 –11.4 L/s] and about  

and high pressure (about 6.8 BPM and 4500 psi) were interposed about 
halfway through the segment. 
 The second segment began on June 3 and lasted until June 18. The injec-

 
(18 L/s), with one brief excursion to 10 BPM (26.5 L/s), and an injection 
pressure of about 4500 psi. At the end of the second segment, injection was 
terminated and the reservoir was shut in. 

ICFT Results
During the 30 days of the ICFT, the system was operated 24 hours a day. A 
total of 9.76 million gal. (37 000 m3) of water was injected, of which 6.15 
million gal. (23 300 m3) was produced hot water that had been cooled and 
then reinjected. 
 Unfortunately, the rental pumps either required maintenance or failed 
completely a number of times during the 30-day test, leading to multiple 

with two steady-state segments, essentially turned into two nominal-
injection-rate tests, each consisting of a series of injection-pressure 

could be considered close to steady-state reservoir operation were actu-
ally achieved; and the desired near-constant levels of injection pres-

be used as the primary control parameter rather than injection pressure 
-
 

determines the injection pressure at any point in time). 
 For the production well, the backpressure was maintained at a fairly 
constant level of between 200 and 500 psi (1.4 and 3.4 MPa), ensuring 

through the reservoir rock. 
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-

time-averaged data points, so that most of the 18 brief shut-ins of the system 
are not shown). 
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Fig. 7-3.
Source: Dash et al., 1989

Circulation Performance
Figure 7-4 charts the general course of three important circulation 

value of about 30%. At the beginning of the second segment, water losses 

-

 Note:
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categories of storage. 
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Fig. 7-4.
loss during the ICFT. 
Source: HDR, 1993

storage in the dilating joints within the region pressure-stimulated during the 
MHF Test. Seismic surveillance showed that there was no reservoir growth 
at the boundaries during this segment. The simultaneous increases in the 

raised the pressure level within the reservoir. Although much of this addi-

evidenced by the strong seismic activity—to the opening of new joints, a 
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Once the existing and newly opened joints had become fully dilated at the 
imposed higher reservoir pressure, and the rate of further joint-opening had 
leveled off, the water-loss rate resumed its gradual decline. Unfortunately, 
the conditions of the second segment of the ICFT, with continuous enlarge-
ment of the pressure-stimulated region, made it impossible to evaluate just 
how low water losses might fall were the reservoir not expanding. 
 Figure 7-4 also shows that the production temperature increased over the 
course of the ICFT, attributable in large part to heating of the production 

the production wellbore. 
 If one considers only the issue of productivity, the data of Fig. 7-4 
demonstrate that higher injection pressures do lead to greater reservoir 
productivity—but at the cost, at least temporarily, of higher "water losses" 
as the reservoir grows. In fact, in such a transient mode of operation, in 
which pressures at the reservoir periphery are high enough to extend 
existing joints or induce the opening of new ones (as indicated by renewed 
seismic activity), not only are water losses initially excessive but almost all 

Power Production
The rate of power production—a function of production temperature and 

reaching about 10 MWth
periods have been removed to smooth the curve and make the overall trends 
more evident. 



Chapter 7   Initial Flow Testing of the Phase II Reservoir436

20 May
1986

24 28 1 June 5 9 13 17

10

8

6

4

2

0

P
ow

er
 (M

W
)

Fig. 7-5. Rate of power production increase with time during the ICFT. 

 Table 7-2 summarizes the operating conditions and resultant power 
production during a selected period of quasi-steady-state operation near the 

-

Table 7-2. Operating conditions during two quasi-steady-state periods 
representing the two segments of the ICFT 

Operating conditions

 
moderate-pressure period 
(1–2 June 1986)

 
high-pressure period  
(18 June 1986)

Injection 
   Flow rate, gpm (L/s) 
   Pressure, psi (MPa)
   Temperature, °C

179 (11.3) 
3890 (26.8) 
18.5

 
290 (18.3) 
4570 (31.5) 
16 

Production
   Flow rate, gpm (L/s)
   Pressure, psi, (MPa)
   Temperature, °C 

135 (8.5) 
351 (2.4) 
173

214 (13.5) 
500 (3.4) 
190 

Rate of water loss,  
   gpm (L/s) 44 (2.8) 76 (4.8)

Thermal power  
   production, MW 5.6 9.8

Flow impedance,
   psi/gpm (MPa per L/s) 26 (2.9) 19 (2.1)
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 One feature of reservoir performance shown in this table is striking: The 

increase in injection pressure between the moderate and high-pressure 

This reservoir behavior is probably closely related to the nonlinear manner 
in which the joints dilate as they are pressurized. 
 The ultimate objective of all HDR research and development work is, 
of course, power production. The power generation data in the table for 
the high-pressure (seismic) segment of the ICFT are particularly promising 
in this regard—and even more so considering that during that time, water 
losses were substantial owing to reservoir growth in the region not accessed 
by the production wellbore. 

If the ICFT Had Reached Steady-State  
Operation, the Ultimate Produced Power Would  

Have Been Considerably Higher

 The ICFT, unfortunately, never achieved steady-state operation, as 

probably have been reached in another month or so if the test had 

rate was still increasing quite rapidly, and would probably have reached 
about 260 gpm in a few more weeks. Similarly, the percentage water 
loss appeared to be falling toward 20% in the same period of time—
even in the presence of continuing reservoir growth to the south—and 
this decline would no doubt have continued. Finally, the production 
temperature would probably have topped out at about 210°C. Taken 
together, these trends imply an ultimate power production level of 

 The shape of the Phase II HDR reservoir had been clearly revealed by the 
MHF Test seismic cloud (see Fig. 6-23, plan view), but only following the 

could have on the power production potential of the reservoir; and, conse-

in this previous "backwater" region (far removed from the EE-2 production 
well). In addition, the lower-pressure regions surrounding the two production 
wells would greatly reduce the tendency toward further reservoir growth, 
even at injection pressures exceeding 4600 psi. 
 In light of current knowledge, it is a reasonable assumption that had 
a second production wellbore been in place, power production during 
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the second half of the ICFT would have been roughly twice that actually 
observed (about 20 MWth). This is enough energy to produce several MW of 
electricity, even at the modest thermal-to-electric conversion rates achievable 
at geothermal temperatures. An electric production facility of this size would 
be ideal for a small community or a modest industrial facility. (At the same 
time, the second production well would capture most of the water otherwise 
lost, and would act as a "pressure-relief valve," virtually eliminating the 

 Perhaps the most important result of the ICFT, then—although not fully 
appreciated at the time—was the demonstration that practical amounts of 
power could be generated from an HDR system.

Seismic Observations
As illustrated in Fig. 7-6, it was during the high-pressure segment of the 
ICFT that the vast majority of seismic events were recorded. In fact, the 
few events detected during the moderate-pressure segment occurred during 
or shortly after the two brief high-pressure excursions. These data provide 
strong evidence that the seismic volume of the reservoir was stable during 

-
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 The spatial pattern of the seismicity observed during the latter half of the 
ICFT (shown in planar view in Fig. 7-7) indicates that reservoir growth took 
place in the stagnant region beyond the injection well, on the side of the 
reservoir farthest from the low-pressure region surrounding the production 
well. Figure 7-7 also shows seismic events recorded during the MHF Test, 
which originally created this reservoir. Whereas the events of the MHF Test 
are more or less symmetrical around the injection wellbore (which at the 
time was EE-2), those of the ICFT are highly asymmetrical; the few visible 
in the region near the injection wellbore (EE-3A) were all recorded during 
the shut-in at the end of the test. 
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Fig. 7-7. Distributions of seismic events during the MHF Test, the high-
pressure segment of the ICFT, and the shut-in following the ICFT. The 
direction of the least principal earth stress ( 3) is also shown. 
Source: Brown, 1995b
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through the reservoir at the highest pressure possible without causing 
reservoir growth. By demonstrating circulation under both aseismic and 
seismic conditions, the ICFT provided invaluable guidance for selecting the 
optimum injection conditions for the LTFT.

Hydraulic Characteristics of the Reservoir

EE-2—were measured continuously. Changes in the relationships among 
these parameters provided the basis for investigating a number of reservoir 
hydraulic characteristics. 
 When injection was initiated in Well EE-3A, after the long period of 
quiescence that preceded the ICFT, the reservoir did not begin accepting 

than the initial warm column), this initial joint-opening pressure would 

carried out later, during the LTFT, this joint-opening pressure was the 
second lowest observed during Phase II reservoir testing4 (the lowest being 
1450 psi [10 MPa]—see Fig. 6-15 and the related discussion).
 At the end of the ICFT, the Phase II reservoir was shut in to study the 

-
nating the frictional pressure loss in the frac string at EE-3A, the pressure 
dropped by about 300 psi—to 4200 psi (29 MPa). This shut-in pressure then 
was constant over the next 7 minutes. It represented the opening pressure 
for the set of joints in the expanding reservoir having the highest opening 
pressure—those that were actively extending to the south at the end of the 
ICFT. In contrast, during the MHF Test and other experiments (2018, 2020, 
2025, and 2042) carried out near the depth of the casing shoe in EE-2, a 
joint-extension pressure of about 5500 psi was found for the "manifolding" 
joints (see Chapter 6). This 1300-psi difference dramatically points out 
the heterogeneity of the "expanded" Phase II reservoir region, and the 

reservoir region. 

4The 2200-psi/15.2-MPa joint-opening pressure was determined from an analysis 
of pressure-curve inflection data obtained during several constant-flow-rate 
inflations and shut-ins; it is the pressure at which the first identifiable set of 
joints within the Phase II reservoir (those most favorably oriented with respect 
to the least principal earth stress) starts to jack open. For this set of joints, 
2200 psi/15.2 MPa appears to be the internal pressure required to just balance 
the joint-closure stress. 
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 Note: The inability of the injection pressure to exceed 4600 psi (at 
6.9 BPM) during the second segment of the ICFT may also explain why the 
reservoir was not actively extending to the north; in that region, a pressure 
of 5500 psi had previously been required for joint extension. 

were continuing at the periphery of the pressurized region. (As shown in 

of the ICFT, at an aseismic injection pressure of 3890 psi that produced no 
reservoir growth, was about 44 gpm [calculated as the difference between 

 At the beginning of the ICFT, the pressure in the production well began to 
be affected by the injection pressure about 4 1/2 hours after pumping began. 
It then rose steadily for several more hours, at a rate of about 1.4 psi/min, 
until it reached the range of the imposed backpressure. (The backpressure 
was typically maintained in the range of 200–500 psi, to keep the system 

as during venting, gas kicks, and shut-ins.) As shown in Fig. 7-8, which 

constant for extended periods.
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pressure segment, it had dropped from an initial value of 6.6 psi/gpm to 
essentially zero (0.02 psi/gpm), as shown in Fig. 7-9, with a resultant 

-
ance achieved the redrilling of GT-2, during the initial attempts to 
develop the Phase I reservoir.) The cause of the drop in the near-wellbore 

thermal contraction of the rock in this region as cold water was continu-
ally injected into the reservoir, effectively dilating the joint openings.
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This further reduction is probably due to the higher mean pressure within the 
reservoir during this segment and the consequent increase in joint dilation. 

-

redistribution was an increase in the differential pressure between the 
production wellbore and the reservoir region surrounding it. Physically, the 
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principal determinant of the near-wellbore outlet impedance is the variation 
in the joint-closure stress—the stress normal to the joint surface minus the 

to (probably within 15 ft of) the production borehole. This closure stress, 

toward the production well, depends on the local state of stress in the rock 

pressure production borehole. The result is a progressive pinch-off of the 

near-wellbore outlet impedance. 
 As noted above and shown in Fig. 7-4, the overall rate of water loss, 
including water stored within the reservoir and water diffusing outward 

extensional) half of the ICFT. It can be inferred from Fig. 7-4 that if the 
injection pressure had remained the same during the second half of the 
ICFT (no more than 3900 psi), the rate of water loss would have continued 
to decline. But the increase in injection pressure from 3900 to 4500 psi led 
to considerable new reservoir growth, mainly downward and to the south 
(on the opposite side of the reservoir from the production well, EE-2). 
The result was a marked increase in the overall rate of water loss, most of 
which was accounted for by additional storage of water in newly opened 
joints. The percent water loss given in Fig 7-4 would translate to a fourfold 
increase in the rate (from 44 to 175 gpm) and a total amount of water "lost" 
during the ICFT of 13 700 m3 (3.4 million gal.). Almost half of that amount 
(6480 m3

joints of the reservoir—see
, below, and the Note preceding Fig. 7-4.

 
Thermal Studies

the ICFT; and the third on August 28, several months later (Fig. 7-10). 
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MHF Test conducted in late 1983 (Chapter 6) and Fig. 6-43 (completion of 
the lower part of EE-3A). Of the MHF Test results, those pertaining to the 
region surrounding the injection well (at that time, EE-2) are particularly 

-
ture data, the zones of casing collapse, and other information show that the 
actual high-pressure injection interval extended much higher than the short 
(70-ft) open-hole interval between the bottom of the casing and the top 
of the sand plug. It appears that one or more east-dipping joints that were 
closely aligned with the borehole acted as injection "manifolds," providing 

the rest of the reservoir. Because of the severe casing collapse episodes in 
EE-2, no temperature survey was done following the MHF Test; but if one 

the post-ICFT survey of June 23 in EE-3A (that is, it would have indicated 
that a number of pressurized joints were intersecting the EE-2 borehole 
behind the liner). 
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 As shown in Fig. 6-43, the liner was landed at a depth of 11 436 ft in 
Well EE-3A and was cemented up to 10 950 ft, leaving an uncased open-hole 

deepest—and most prominent—joint intersection, at about 12 000 ft). 
 The June 23 survey shows, further, that the region from the bottom of the 

 around the liner, through one or more joints connected to 
the high-pressure reservoir, and then emptying into the annulus above the 
liner cement (see Fig. 6-43). Each of the temperature depressions along that 
interval (behind the liner) probably represents a pressure-dilated reservoir 
joint within the upper margin of the Phase II reservoir, associated with this 

the Phase II reservoir in the vicinity of the EE-3A wellbore is clearly shown 
to be at 10 840 ft: the uppermost extension of the pressure-stimulated joint 
network. Thus, the open-hole interval above the liner cement at 10 950 ft was 
exposed to the very upper portion of the high-pressure Phase II reservoir. 
This exposed interval was probably the source—via the high-pressure joint 

for the next nine years. However, because of the compressive hoop stress at 
the borehole wall and the low annulus pressure at the surface (no more than 

pressure reservoir into the lower-pressure annular region above 10 950 ft 

InfoNote

The high-pressure reservoir exhibited multiple (inferred from Fig. 7-10) joint 

and inside the 9 5/8-in. casing (see Fig. 6-43) was directly connected to the 

a throttling valve had been installed; but such a shutting-off would not affect 
the ANNULUS, which remained in direct communication with the old Phase I  
reservoir via the low-pressure joint intersecting EE-3A at 10 260 ft. In other 

could still vent directly into the old Phase I reservoir via the open ANNULUS!
 Such a situation would not have existed if the EE-3A completion had been 
done properly—with cement circulated all the way up into the 9 5/8-in. casing 
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 For thermal studies in EE-2, the production wellbore, three temperature 
logs were run to a depth of 10 450 ft (unfortunately, temperature information 
could not be collected from the production interval itself, owing to the damage 
in this wellbore).5
the second shortly after the end of the ICFT, and the third several months later 
(Fig. 7-11). As was shown in Fig. 7-4, the surface production temperature 
increased continuously over the span of the ICFT as the production wellbore 
warmed and in-transit thermal energy losses decreased. Comparison of the 
three logs indicates that once circulation was halted, the formation began to 

later essentially all the thermal effects of circulation had dissipated. 
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recorder) during and immediately following the ICFT, vs temperature 

Source: Dash et al., 1989

5Although the casing collapse at 10 512 ft had not yet been discovered, the 
"unknown obstruction" it presented to logging was thought to lie at roughly 
10 550 ft. Logging was therefore not attempted below 10 450 ft, leaving a 
100-ft safety margin. 
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Reservoir Through-Flow Fluid Volume (Based on Tracer Data)

bromine, in the form of ammonium bromide—which has a half-life of only 
a few days—was used for both. The results of these tests are displayed 
graphically in Fig. 7-12. 
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Fig. 7-12. Residence-time distribution curves for the two radioactive-tracer 
experiments carried out during the ICFT.
Source: Dash et al., 1989

 Note that the second tracer test shows a longer time to initial return, a 

-

3 (78 000 to 
about 300 000 ft3) over the period between the two tracer tests. In other 
words, much of the water thought to be "lost" during this period was actu-
ally going into storage within the pressure-dilated reservoir. This conclusion 
was further supported when the reservoir was vented at the end of the ICFT:  
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almost half the 13 700 m3 (3.4 million gal.) of water previously earmarked 
3). 

and sealed, but slightly permeable, rock mass at the reservoir periphery 

pressure segment of the ICFT) and then returned when the boundary pres-
sure gradient was reversed during venting of the reservoir. 

Geochemistry of the Circulating Fluid
The essence of the geochemistry results from the ICFT is captured in Fig. 7-13. 
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silica saw a rapid drop in concentration as the ICFT proceeded and soon 
reached equilibrium levels. This behavior is that of inert, nonadsorbing 
species that either were already present in the injected water or were derived 

-

 In contrast, the concentration of silica remained almost constant 
throughout the ICFT—a behavior indicative of a reactive species. It appears 
that unlike the other major species, the silica was coming from the granitic 

hot surfaces exposed along the opened joints. This inference is supported 
by the silica geothermometer temperature, which was almost constant at a 
level of 250°C during the ICFT. 

days into the ICFT, when the total dissolved solids level had reached a state 
of approximate equilibrium, are shown in Table 7-3. The concentration of 

tenth that of seawater. In fact, it did not differ markedly from the concentra-
tion that would be found some years later, during the LTFT. At consistently 
low concentrations such as these, dissolved solids should not present a 
problem for the operation of an HDR system.

Table 7-3. Typical ion concentrations (sample collected on Day 6 of the ICFT)
Ion Concentration (ppm)
Arsenic 0.6
Boron 48
Bromine 11.5
Calcium 42
Chlorine 1814
Fluorine 10.4
Iron 2.1
Bicarbonate 408
Potassium 114
Lithium 23.4
Sodium 1180
Silica 452
Sulfate 183
pH 5.79
Total dissolved solids 4300
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present at a level of about 0.9% at the beginning of the test, which is believed 

in the second half of the test, there was a short-lived jump in concentration— 

produced water as new joints were opened by the higher pressure. By the end 
of the ICFT, the carbon dioxide concentration had declined to 0.1%–0.2%. 

would average 0.2%–0.3%, close to those predicted by the ICFT data.)
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ICFT Summary 

was carried out with a surface system put together largely on an 
basis using rented and temporary equipment. The test itself was plagued 
with operational problems (most related to the rental injection pumps) that 
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led to more than a dozen unscheduled shut-ins—the majority, fortunately, 

new information that would prove invaluable in the design and operation 
of the LTFT. In particular, seismic data from the ICFT shed light on the 
pressure threshold below which seismic growth of the reservoir would not 
be induced—knowledge that would enable the LTFT to be run from the 
very beginning at the highest possible aseismic injection pressure. These 
data also demonstrated the important role that the production well plays 
as a pressure sink in an HDR reservoir, giving rise to the recognition that 
multiple production wells are essential if an HDR energy production system 
is to operate at maximum productivity. Further, the ICFT generated data on 
the hydraulic, thermal, water-loss, and geochemical behavior of the Phase II 

not only at Fenton Hill, but for future systems elsewhere. 

production achieved: an impressive 10 MW. At the time, some detractors 
argued that this level of output was not really meaningful because of the 
high injection pressures (over 4500 psi), which caused an undesirable 
expansion of the reservoir in the "stagnant" region farthest from the produc-
tion well. In reality, the achievement of this level of power production only 
in the region of wells EE-3A and EE-2 has profound implications: had a 
second production well been in place on that far side of the reservoir, it not 
only would have prevented reservoir growth but would have doubled the 
output! It is estimated that with two production wells, 20 MWth could have 

modeling suggests at least 20 years). It is clear, then, that in 1986 the ICFT 
unequivocally demonstrated the technical feasibility of the HDR concept.

Well EE-2: Second Repair Attempt, Redrilling, and 
Testing (November 1986–June 1988)

When the ICFT ended, most of the HDR team believed that the production 
well, EE-2, was unsound. In fact, at that time they were not even aware 
of the extent of damage caused by the bungled coil-tubing cleanout opera-
tion associated with Expt. 2059. As they were soon to discover, during that 
operation a second episode of casing collapse had taken place, at a depth of 
10 512 ft. 
 The following information, on the second repair attempt, redrilling, and 

Development Program (1988b), Birdsell (1988, 1989) Brown (1988b), 
Dreesen et al. (1989), and Fenton Hill Operations Daily Log Book No. 3.
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Second Attempt to Repair Well EE-2
Following the completion of the ICFT in June of 1986, both wells were 
shut in at the surface until late September to observe the slow decay of the 

During the observation period, some of the HDR Project staff incorrectly 

 The contract for the Big Chief Drilling Company rig #47, originally taken 
out in 1985 for the redrilling of EE-3, was extended so that the rig could be 
skidded over to EE-2. After it was in place, the 5 1/2-in. frac string and the 
Otis steam packer (at 10 401 ft) were removed from the hole. However, the 
7-in. transition casing connecting the packer to the top of the remaining 
section of old 5 1/2-in. frac string at 10 718 ft did not come out with the 
packer, but was left in the hole. Fishing operations began to retrieve it, and 
on the third attempt the tie-back bushing, which had connected the transition 
casing to the bottom of the packer, was removed from the hole along with 
two joints of the transition casing. Inspection revealed that the bottom joint 
of the recovered transition casing had also partially collapsed. From these 
observations it was inferred that the 9 5/8-in. casing had collapsed over an 
interval that extended down to 10 512 ft (the point of most severe collapse 
of the 7-in. transition casing), and that the remaining portion of the 7-in. 
casing was caught inside it. On November 26, two Dia-Log casing inspec-

the 7-in. transition casing, causing it to in turn collapse inward. The nature 
of the "obstruction" encountered at 10 512 ft more than a year earlier, during 

 Two attempts were made to mill out the collapsed region of the 7-in. 
casing, but without success: apparently the distorted pipe was forcing the 
mill to one side, such that on the second attempt it ground holes through 

penetrated the borehole wall. Regaining logging access into the Phase II 
reservoir through EE-2 now appeared problematical at best. 

wellbore, the condition of the well was obviously precarious. In fact, the 
consensus was that it would not survive the anticipated LTFT. Repair 
operations were suspended, and in January of 1987 a panel of experts was 
convened by the U. S. DOE to work with Los Alamos personnel in exploring 
options for returning Well EE-2 to service. They were briefed in detail on 
EE-2's current condition: three regions of collapsed casing; 621 ft of the "old" 
5 1/2-in. frac string still in the hole (extending from just above the collapse at 

joints of 7-in. transition casing stuck in the wellbore above the old 5 1/2-in. 
frac string; and milled holes in the casings (at about 10 510 ft, near the top 
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of the stuck 7-in. transition casing). The recommended option was that the 
well be sidetracked from a point above the highest zone of collapsed casing 
and redrilled through the Phase II reservoir. 

 Note: Part of the redrilling plan was to complete the new wellbore 
 a modest amount of cold water 

injection (if needed to further open the joints connecting EE-2A to the body 
of the reservoir).

Sidetracking and Redrilling of Well EE-2
The seismic data obtained from the MHF Test suggested that the optimum 
sidetracking trajectory for EE-2 would be one that substantially increased 
the separation between the injection and production wells. Redrilling in this 
way would access more of the pressure-stimulated reservoir region, thereby 

-

(possibly none of whom actually knew what an HDR reservoir in base-
ment rock looked like), feared that a redrilled leg at some distance might 
miss intersecting the open joints initially pressure-stimulated during the 
MHF Test. They insisted that the new leg be drilled at a distance of no 
more than 100 ft from the existing wellbore (and that over the open-hole 
portion—11 578 to 11 648 ft—it be within a 50-ft radius). 
  Thus, rather than using the best available picture of the reservoir geom-
etry in the vicinity of EE-2—the seismic data—to determine the redrilling 
path, the DOE panel forced the 100-ft constraint upon the HDR Project. 
 The Big Chief Drilling Company rig already on site for the second repair 
attempt was retained for the redrilling and completion job. Having a draw 
works, mast, and substructure rated for a 1.5-million-lb pull, this rig was 
overrated for the EE-2A work; but its large capacity had proved valuable 
several times during the redrilling of Well EE-3. 
 The drilling plan, modeled after that used to successfully drill EE-3A, 
featured (1) large-diameter (5-in.), moderate-strength drill pipe to eliminate 
twist-offs; (2) carefully designed bottom-hole assemblies (BHAs) and bits 
to improve the accuracy of directional drilling and length of bit runs; and 

clean, thereby increasing the rate of penetration. 
 The selected kickoff depth for sidetracking was 9725 ft, about 800 ft above 
the highest region of collapsed casing. Field work began in early September 
1987, with three cementing operations to plug back and completely seal 
off the borehole below about 9800 ft—both inside and outside the 9 5/8-in. 
casing. Once this now-abandoned lower portion of the borehole had been 
well sealed, the casing was perforated over the 9546- to 9550-ft interval 
and a Baker retrievable cement packer was set at 9166 ft. Then 1000 gal. 
of cement was injected behind the casing to stabilize and support it just 
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above the kickoff point. On September 17, the cement was drilled out down 
to 9889 ft. (About six weeks later, a cement-bond log would show that the 

 The next eight days were spent milling a window through the casing 
from 9688 to 9747 ft. Next, to prepare for placing a cement plug across 
the window, the casing interval between 9755 and 9885 ft was cleared of 
milling debris with the drill bit and washed clean; then the section up to 

space outside the window, and the casing above it, to about 9520 ft. 
 The stage was now set to close off the remainder of the upper casing 
annulus. The region of casing between 6470 and 6476 ft was perforated, a 
cement retainer was set at 6326 ft, and 20 000 gal. of lightweight cement 

EE-2 repair attempt—the troublesome annulus leak outside the casing was 
now fully sealed. Only the portion of the annulus between 9500 ft and the 
perforations at 6470–6476 ft remained uncemented.
 With this large cement job complete, the cement retainer and the small 
amount of cement on top of it were drilled up, allowing the drill bit to be 
run on down the hole to 9520 ft, where hard cement was encountered. The 
center of the cement plug across the window in the casing was now drilled 
out, with an 8 1/2-in. rock bit on a very stiff drilling assembly, to 9748 ft; 
then the sand was washed out down to 9875 ft. But when the "dummy" 
whipstock locator assembly was run in the well, it could not be worked 
through the window interval because of debris. After this interval and the 
inside of the casing stub (at 9747 ft) had been "conditioned" with a bit and 
roller reamers, a second run was made, but the locator failed to set properly 
on the lower casing stub. Finally, a section mill was run in to mill 1 ft off 
the casing stub. On the next run, the locator assembly successfully tagged 
the stub. 
 On October 7 and 8, the whipstock/packstock assembly was run in the 
hole on drill pipe. The packstock was slipped about 6 ft inside the stub of 
the 9 5/8-in. casing, the whipstock was oriented, and the packstock was 

depth of 9725 ft. First the hard cement that remained in the window was 
carefully drilled through, a distance of 17 ft; then a second bit was used to 
drill 23 ft out into the granitic rock, completing the kickoff.

-
tracking, shows the window in the casing, the position of the whipstock, 

portion of EE-2. 
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Top of packer whipstock (9725 ft)

Cemented-in 9 5/8-in. casing

Sidetracked borehole to 9742 ft
Casing stub (9748 ft)

Sidetracking complete
(9765 ft)Cement in annulus

Top of plug-back cement
(9889 ft)

Top of sand (9875 ft)

60-ft window in 
casing (9688– 
9748-ft interval first
milled out, then filled 
with cement, and 
finally drilled through
with 8 1/2-in. bit 
before setting of 
whipstock)

Fig. 7-15.
sidetracking (to 9765 ft). 
Adapted from Dreesen et al., 1989
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 At 9742 ft, the measured inclination was 13 1/2°. By October 15, the 
new EE-2A leg had reached 9960 ft and the inclination had been increased 
to 14 3/4°. To keep the trajectory true, the borehole was turned toward the 
south by means of a positive-displacement-motor (PDM) assembly. By 
October 17, the drilled depth was 10 149 ft. Magnetic compass single-shot 
surveys had been done on every drill pipe connection near the kickoff 
point and on every second or third connection thereafter. When a multi-
shot gyroscopic survey was run to verify the accuracy of the single-shot 
azimuth readings, the location obtained was within 11.5 ft of that given by 
the single-shot readings.
 From October 18 to November 2, the reservoir was pressurized through 

pressure. As EE-2A penetrated the Phase II reservoir, the top of the reser-

concentrations of carbon dioxide and other dissolved chemical species 
measured by mud and geochemistry logs). It was calculated to be at a 
depth of 10 840 ft—the same as that found for the top of the reservoir in 
the vicinity of Well EE-3A, by temperature logging (see the June 23 survey 
of Fig. 7-10). 
 On October 26 EE-2A reached a depth of 11 009 ft, at which point 
surveying showed the trajectory to be N70E at an angle of 24 3/4°, very 

the drill pipe was removed. Another two days of temperature logging, 

drilling was resumed. The injection pressure in Well EE-3A was reduced 
several times as more joints were intersected, to protect the reservoir 

some 300 ft below the apparent bottom of the Phase II reservoir (to allow 
for a "rat hole" to collect debris that otherwise could block the lowest 

joints located near 12 000 ft. 
 The sidetrack drilling campaign went extremely well. All drilling targets 
were achieved, including the recommendation of the DOE panel that 
the wellbore be within a 50-ft radius of the very short (70-ft) open-hole 
portion of Well EE-2. (The redrilling never deviated more than 25 ft from 
its target trajectory, and over the total Phase II reservoir interval—10 840 ft 
to 12 030 ft as observed in EE-2A—the actual surveyed separation 
distance was within 100 ft.) A magnetic multishot survey at 12 030 ft 
located the hole bottom as within 18 ft of that projected by the single-shot 

And although other activities—hole surveying, tripping the drill string 
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operation, the project was completed within the time and cost estimates. From 
initial sidetracking, the hole was drilled 2595 ft (791 m) in less than 30 

penetration rate: when the drill bit was rotating, the rate of penetration was 
an impressive 10.5 ft/h! Even at the averaged rate of 90 ft/day, drilling 
proceeded two and one-half times faster than the rate at which Well EE-2 
had originally been drilled.

Preliminary Flow Testing (Expt. 2074)

place December 2–9, 1987, following the successful redrilling of EE-2A 

logging. In addition, the experiment included gamma-ray logs, three-arm-
caliper logs, and seismic monitoring. Because the Phase II reservoir was 

-

injected tracer was recovered at EE-2A, suggesting the presence of many 

injection pressure never reached the joint-extension pressure of 5500 psi). 

from the reservoir that was bypassing the cemented-in liner in EE-3A. This 

liner through a network of joints that, at that time, were highly impeded.6 
Figure 7-16 shows the temperature log run on January 21, 1988 (Brown, 

reservoir region via the joint opening at 10 260 ft (see the discussion of 
this leakage path in the section 

, Chapter 6). 

6This network of joints was near the upper boundary of the Phase II reservoir 

boundary region, opening the individual joints episodically rather than continu-
ously. (The Expt. 2020 region had been further expanded in the same way 
during the MHF Test, as clearly shown by the microseismic data.) 
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Fig. 7-16. Temperature survey run in Well EE-3A on January 21, 1988, 

Source: Brown, 1988b

 Note
of EE-3A nearly two years earlier, which was probably the most costly 
mistake made at Fenton Hill. Later, in mid 1995, that completion would 
fail totally, leading to the DOE's termination of the Fenton Hill HDR 
Project. If, following the completion of EE-2A, the drill rig had been 
skidded back over EE-3A and the well had been re-completed (with 
casing cemented all the way to the surface, as would be done for EE-2A 
in May of 1988—see below), there would have been little reason for the 
termination, in "mid-stream," of a very successful HDR Project. 

Completion of the EE-2A Wellbore
The completion of EE-2A was to be different from that of any other 
wellbore at Fenton Hill: the wellbore was to be cased from just above 
the Phase II reservoir all the way to the surface, and the casing would be 
cemented over its entire length. 
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cement from invading any of the pressure-stimulated joints); then to run 
and cement-in a liner from the top of the sand into the 9 5/8-in. cased hole; 

of the liner to the surface. The liner was already on site: a string of 7-in., 
35-lb/ft, C-90 VAM casing, purchased in 1984 for the original EE-2 but 
never run. The tie-back string—a 7-in., 32-lb/ft, C-95 casing with premium 
MSCC connections—would be specially manufactured by Nippon Steel. 
(Because the lead time from ordering to delivery of this casing was 
6 months, the drilling rig was furloughed in the meantime.) 
 The rig was reactivated on May 16, 1988. Following multiple logging 
runs and televiewer surveys of the entire open-hole interval below the 
window, to ensure that it was still in good condition, the reservoir produc-

liner was run in the hole on drill pipe and hung off the 9 5/8-in. casing with 
a liner hanger, putting its top some 190 ft above the window and its bottom 
at 10 770 ft (5 ft above the sand plug). The polished bore receptacle (PBR), 
intended to serve as the interface with the tie-back string, was installed 
with its top at 9499 ft, 91 ft above the liner hanger at 9590 ft. The liner was 
then cemented in place. 
 The next step in completing the wellbore would have been running of 
the tie-back string; but with all the cementing equipment on site, it was 

13 3/8-in. casing and the 9 5/8-in. casing, to protect the latter from excess 

uncemented when the top 902 ft of 9 5/8-in. casing was replaced in 1984—
see Chapter 6). 
 First, a plug was built up in the annulus outside the 9 5/8-in. casing: a 
quantity of frac balls, gravel, and sand was dropped into the annulus on 
top of the 11 3/4-in. screw-in sub that had been installed at 920 ft in 1984. 
Next, the casing was perforated at a depth of 855 ft and the cement that 
remained above the liner hanger (from 9269 ft to 9499 ft) was drilled out 
with an 8 1/2-in. bit. A solid rubber wiper plug was then pushed down 
inside the casing with drill pipe and positioned just below the perforations. 
Finally, cement was pumped in through the perforations. The operation 
was only partially successful: cement-bond logs indicated that the cement 
rose only to a depth of 214 ft. Therefore, after the residual cement and the 
wiper plug inside the 9 5/8-in. casing had been drilled up, on May 25 the 
9 5/8-in. casing was perforated again—this time from 210 to 212 ft—so 
that immediately following cementing of the 7-in. tie-back string to the 
surface, the annulus could be cemented as well.
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 Three days later, a run with a 5 3/4-in. bit drilled the cement out of the 
top 1100 ft of the 7-in. liner, and then a mill run dressed off the PBR at 
the top of the liner assembly. On June 1, the 7-in. tie-back casing, with 
a tie-back stem (PBR mandrel) on bottom, was run into the hole; but the 
tie-back stem could not be made to engage the PBR. After several attempts 
at engagement, the tie-back casing was cemented—with the stem simply 
resting on top of the PBR—with a combination of low- and high-density 
cement (6650 linear ft of low-density cement on top, the remainder high-

between the 7-in. casing and the 9 5/8-in. casing, and then (through the 
perforations at 210–212 ft) out the annulus between the 9 5/8-in. casing and 
the 13 3/8-in. casing. 
 Cement-bond logs indicated a good cement density over most of the 
cemented interval and in all of the critical regions—such as around the PBR 
at the bottom of the tie-back casing and near the surface. The liner was 
tensioned, set in the wellhead grips, and cut to length; secondary wellhead 
seals and a blowout-preventer were installed; the cement was drilled out 
with a 5 3/4-in. bit; and the sand in the bottom of the hole was washed out. 
 By mid June the EE-2A wellbore had been completed, as shown in 
Fig. 7-17. Both the drilling and the completion work were accomplished 
within budget and on schedule. 
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7-in. tie-back casing

9 5/8-in. casing

Tie-back stem (mandrel)

Tie-back sleeve (PBR)

Cement squeeze perforations, 1987 (9546–9550 ft)

Liner hanger (9590 ft)

7-in. cemented-in liner

Centralizer

Cement

8 1/2-in. drilled hole

Bottom of liner
(10 770 ft)

Plugged-back EE-2
wellbore, squeezed
with cement (1987)

Tie-back
stem/sleeve
intersection

(9499 ft)

PBR assembly
(unable to engage)

Cement retainers

TD 12 360 ft

Old EE-2 wellbore
TD 15 289 ft

Fig. 7-17. Well EE-2A as completed in June 1988. 
Adapted from Dressen et al., 1989
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Post-Completion Injection Testing in EE-2A (Expt. 2076)
Preliminary pressure testing had demonstrated the integrity of the 7-in. liner 
at 2500 psi. In June 1988, the integrity of both this liner and the tie-back 
string were further assessed: during Expt. 2076, which lasted just 6 hours, 
nearly 50 000 gal. of water was injected at rates of 1–15 BPM and corre-
sponding wellhead injection pressures of 1500–4300 psi (10–30 MPa) 

EE-2A:
The liner and tie-back string appeared to be pressure-tight to at least 
4300 psi.

into the reservoir via the redrilled EE-2A wellbore as via the EE-3A 
wellbore—which suggested that residual joint propping (due to pres-
sure spallation from the MHF Test in late 1983) not only still existed, 
but extended outward from the old EE-2 wellbore into the region 
traversed by EE-2A. The implication is that for future development of 
HDR reservoirs, a controlled (but very rapid and energetic) venting of 

in succession—similar to what occurred in an uncontrolled way at the 
end of the MHF Test—could be an effective means of reducing the 
very critical near-wellbore outlet impedance (pressure spalls derived 
from the joint surfaces providing spallation-propping). 

The sidetracking, redrilling, and completion of EE-2A were a complete 
success. These operations represented the culmination of the Fenton Hill 
HDR drilling experience, and stand to this day as an example of super-
lative design, engineering, and operations supervision. They resulted in a 
production well that was structurally sound and provided excellent access 

 This success, along with the previous achievement of redrilling the 
EE-3A wellbore, show that HDR drilling should no longer be viewed as 

order the proper equipment, and, most important, excellent rig supervi-
sion—especially the ability to adjust to changing conditions—a drilling 

temperature drilling environment such as Fenton Hill. Note too that the 
average penetration rate during the redrilling of EE-2A (a total of 1940 ft) 
in deep, hot granite was 10.5 ft/h, which in 1988 dollars translated to an 
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A New Concept of Reservoir Rock Volume 

 Over the years, as the HDR geothermal energy concept has been 
researched, several different methods of characterizing the rock 
volume of the reservoir have evolved. As described in Chapter 4, the 

, which is based on the hypothesis 
that only hydraulic pressurization can induce joint slippage, thereby 
generating microseismic shear events. Thus, the seismic volume is 
the rock volume contained within the envelope of the cloud of micro-
seismic events, and based statistically on either a 1  or 2  standard 
deviation of the event locations. It represents the volume of the rock 
mass pressure-stimulated during injection operations. 
 The second reservoir rock volume, introduced as a concept in 

. Smaller than the seismic volume, this volume 
is characterized as the volume of reservoir rock accessible to the 

-
voir testing described in Chapter 6 made it apparent—as would the 
upcoming Expt. 2077 (static reservoir pressure testing)—that this rock 
volume is strongly pressure-dependent. There is no known method for 
measuring the circulation-accessible rock volume, although the volume 
of the

chemical tracer techniques. For the rock volume itself, an  
can be arrived at—but only on the basis of an  regarding 
the pressure-dependent reservoir joint porosity.7 During Expt. 2077, a 
third concept of the rock volume of the reservoir would be developed, 
through a method of characterization devised and tested under static 

, comprises both the circulation-accessible volume and the zone 

joint extensions. It is thus slightly larger than the circulation-accessible 
rock volume at any given reservoir pressure, and appears to offer a 
reasonable analog to the latter—but one that can be measured through 
static reservoir pressure testing. 

7The reservoir joint porosity is defined as the ratio of the volume of fluid 
within the pressure-dilating joints to the volume of the rock mass. This 
porosity is to be distinguished from the always-present microcrack porosity 
(the ratio of the volume of fluid within the interconnected network of 
microcracks to the volume of the matrix rock). The microcrack porosity 
is very much smaller than the joint porosity. 
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Extended Static Reservoir Pressure Test  
(Expt. 2077)

With the EE-2A production wellbore complete, and thus the underground 
portion of the Phase II HDR system ready for the LTFT, attention turned to 
construction of the surface plant (described in Chapter 8). Because it would 
not be possible to carry out experiments requiring circulation through the 
reservoir while the surface plant was being built, an extended series of pre-
LTFT reservoir pressure tests was planned to (1) assess peripheral water 

moderate pressure (15 MPa). These tests were designed to use low-volume 
pumps and related equipment already on hand. The information on this 
experiment is abstracted from Brown (1991 and 1995b).

from late March 1989 through December 1990.8 With EE-2A shut in, water 
was injected into the EE-3A wellbore to pressurize the reservoir to a target 
level; then the injection rate was reduced to maintain the pressure (± 25 
psi, as measured at the EE-2A wellhead) and adjusted—by alternating 
pumping periods with shut-in periods—to just offset the peripheral water 
loss at that pressure. This procedure was carried out a number of times, 
for several different target pressures. (For this experiment, pressures were 

observers of this experiment.) Expt. 2077 also offered an opportunity to 

water losses could prove to be a severe constraint on commercialization of 
the HDR technology. (For a  HDR reservoir, these concerns were 
experimentally shown to be unfounded.) 
 In Figure 7-18, pressure plateaus are visible at 7.5, 15, and 19 MPa. The 
four 15-MPa (2176-psi) plateaus were implemented to observe the decline 
in the rate of water loss with time at this pressure level. The dip in the pres-
sure decay curve during July and early August 1990 represents the interval 
during which the pressure reached its lowest point, followed by rapid 

matrix rock of the reservoir.

8Following Expt. 2077, the Phase II reservoir would remain shut in for 12 months 
(until December 1991, when the surface plant was essentially complete). During 
this time, the small (about 2.6 gpm) "backside" reservoir vent at EE-3A would 
cause the shut-in reservoir pressure to slowly decay—from about 2500 psi to 
2270 psi by the beginning of Expt. 2078A (Dec. 2, 1991). 
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Fig. 7-18.
Expt. 2077. 
Source: Brown, 1991

Water Loss Trends
The results of Expt. 2077 showed clearly that the water loss from a 
HDR reservoir region, created by pressure-opening a previously sealed 
joint structure within a deep region of hot crystalline basement rock, can 
be very small. Figure 7-19 depicts the rate of water loss observed at a pres-
sure of 15 MPa during the 17 months of static reservoir testing between 
June 1989 and October 1990. (Note: Although construction of the surface 
plant was going on at the same time as this experiment and created a 

 pressure during 
this 17-month period was about the same as that during the four 15-MPa 
pressure plateaus.) 

 
 
 
 
 
 

InfoNote
 Until this experiment, many "experts" worldwide had been convinced that 
no such large region of the deep crystalline basement could be maintained at 
a pressure level up to 10 MPa above the measured least principal earth stress 
(8.6 MPa) without spontaneous hydraulic fracturing and subsequent rapid 
pressure loss! (For further information on this subject, see Brown, 1999.)
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was being injected at a pressure of 15 MPa and stored in pressure-dilating 
joints within the body of the reservoir (represented by the shaded area in 
Fig. 7-19), the water-loss rate declined linearly with the natural logarithm 
of time. This observation implies two-dimensional diffusion from the reser-

the seismic data. During the latter part of the test period, the water-loss rate 
appeared to be approaching a constant value of about 2.1 gpm—suggesting 
that with extended pressurization, water loss transitions to spherical diffu-
sion from a point source. It is interesting to note that by the end of the fourth 
pressurization at 15 MPa, the pressure on the Phase II reservoir (a volume 
of pressure-stimulated rock measuring close to 0.13 km3 ) was being main-
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The Fluid-Accessible Reservoir Volume

through the reservoir. But calculation of the corresponding rock volume, the 
circulation-accessible reservoir region, required an  overall reservoir 
joint porosity. Unfortunately, as became apparent with pressure testing, the 
porosity of the reservoir is pressure-dependent and, even more to the point, is 
almost impossible to measure in a global sense. Then, Expt. 2077, which was a 
steady-state operation in toto, provided a unique opportunity. With the reservoir 
shut in, a strictly mechanical method was developed for measuring the true 

(a method that is especially useful because 
the volume of hot rock available for heat transfer can be measured before any 
actual reservoir power production; if this volume is found to be too small for 
the intended purpose, it can be increased by additional hydraulic stimulation).
 First, postulate a region of crystalline rock that is "fractured" on all 
scales—from interconnected microcracks through large, pressure-stimulated 

-
ment at Fenton Hill). If this region were to be pressurized in such a way 

in pressure equilibrium at the beginning and end of a pressure rise, then 
the only material that would be compressed (ignoring the compressibility 
of the contained water, because the overall porosity of the rock mass is so 
small—0.01% or less) would be the mineral constituents of the rock matrix 
between cracks, e.g., quartz, feldspar, and biotite crystals. The corresponding 

-

injected to raise the pressure in the 

reservoir volume by measuring the decrease in volume of the rock mass 
within the reservoir region between two different steady-state pressure levels, 
achieved within such a short time span that the small diffusional losses from 
the boundaries of the reservoir can be neglected. This method is based on 
(1) a linearly elastic compressibility equation, given in Table 7-4 along with 

equal, but opposite in sign, to the decrease in the volume of the rock mass); 
and (3) the  bulk modulus. The last, which was determined from 
the seismically measured compressive- and shear-wave velocities for the 
reservoir rock, compares very favorably with laboratory measurements on 

for comparison, are the seismic reservoir volumes based on two Gaussian 
distributions of the microseismic events.)

-
vant measure of the effective volume of the reservoir, because only hot rock 

energy production. 
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Table 7-4.
7.5 to 15 MPa 
2715 m3 

55 GPa
20 × 106 m3

Seismic volume (1 —67% of events) 16 × 106 m3

Seismic volume (2 —95% of events) 130 × 106 m3

A Major Caveat
 Although not expressly stated, a major caveat in the mechanical 
modeling of the dilation of the reservoir as a function of pressure, 
shown in Table 7-4, is that a constant-strain boundary condition is 
assumed to surround the reservoir region. This is obviously fallacious. 
It should be clear that if the interior of the jointed reservoir is pressur-
ized, the sealed boundary regions would also be affected. This premise 
constitutes the basis for the concept of a  surrounding the 
pressure-stimulated reservoir (see Chapter 6). If one were to pressurize 
a deep borehole in granitic rock, one would expect the borehole to 
expand in reaction to the imposed pressure, creating a compensating 
compressive hoop stress in the surrounding rock. If the borehole were 

would still react in the same way (as if the sand were not present). 
Obviously, the interconnected joint network within the Phase II reser-
voir cannot be represented simply as an array of sand grains; but how 
could one best allow for the effects, in the surrounding sealed rock 

 The answer to this question is probably best left for Professor 

Swenson has developed the most sophisticated 2-D, discrete-element 
mechanical model for the pressurized deformation of the open-jointed 

-
dated by Fenton Hill data. (Investment in such a project would be a 
very worthwhile use for some of the U. S. DOE's geothermal funding.) 
A quantitative representation of the above problem could be modeled 

hazard a guess that if the concomitant compression of the boundary 

increase as much as twofold—but this is only a . 

V = K 
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Fluid Partitioning Between Joints and Microcracks

HDR reservoir at a pressure above the minimum joint-opening pressure, 

the injection well to one or more production wells. In contrast, micro-

after a considerable lag time comes into pressure equilibrium with the 

across the reservoir (if it did, one would have a commercial hydrothermal 
reservoir without the need for hydraulic stimulation!). 
 From a reservoir power production standpoint, it is important to 

microcracks at various reservoir operating pressures. This partitioning 
determines how the reservoir rock will be affected geochemically by the 

help in ascertaining the optimal method of reservoir power production. 

-

opening pressure for the Phase II reservoir at Fenton Hill), and once at a 
pressure above 15 MPa. 
 The lower-pressure test took place a little over a year into Expt. 2077. 

surface pressure declined from 1750 to 1420 psi (12 to 9.8 MPa), at a 
rate averaging about 8.9 psi/day (Fig. 7-20). This decline was due almost 

EE-3A, via the annulus between the tie-back string (the EE-3A injection 
string, which was shut in during this time), and the 9 5/8-in. casing. The 

monitored. 
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the injection well (EE-3A).
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(9.8 MPa). The net rate of injection was 15.8 gpm9—six times higher than 
the water-loss rate during shut-in. But initially, the reservoir pressure rose at 
an anomalously high rate: 201 psi/day, more than 20 times faster than it had 
declined during the last weeks of the shut-in. Because this test was designed 
to elucidate the storage behavior of the rock mass when the 15-MPa pres-

characteristics of the reservoir were analyzed at a pressure of 10.5 MPa 
(above the least principal earth stress of 8.6 MPa10). At this pressure, the 
joint sets having opening pressures above 15 MPa were tightly closed. 
 The obvious explanation for the anomalous high rate of pressure increase 
at the onset of pumping was that the reservoir joints, even though closed, 
were still at least two orders of magnitude more permeable than the network 
of interconnected microcracks within the rock blocks. During the very slow

9That is, a pumping rate of 18.4 gpm minus the 2.6-gpm rate of water loss from the 
EE-3A annulus.

10This value is based on the Phase I measurement of 8.6 MPa (see 
, Chapter 4).
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-
cracks and from the joints, in a very nearly pressure-equilibrated manner. 

went into partially pressure-dilating the closed network of permeable 
joints. It would be expected that within less than a day after the start of 

-
sure increased, would have been able to penetrate the surfaces of the large 
rock blocks making up the body of the reservoir. From the data shown in 
Fig. 7-20, it was determined that at pressures below the minimum joint-

the microcrack fabric of the rock blocks and only 27% from that in the 
network of joints. This result—which is counterintuitive for a jointed HDR 

-
mentally: attempts to circulate the reservoir below about 15 MPa have 
been unsuccessful. 

(Fig. 7-21). This time, a mean reservoir pressure  the 15-MPa initial 
joint-opening pressure was used: 16.4 MPa (2380 psi). 
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 This "high-pressure" test took place under less-than-ideal conditions. 
With the preparatory work for the LTFT going on at EE-3A, injection with 

can be inferred from Fig. 7-21 that had another week or so of injection been 
possible, at a rate of 6.5 gpm, the reservoir pressure would have leveled out 
at about 16.3 MPa. At this pressure level, the permeation loss rate would 
have been 3.9 gpm, just balancing the 6.5-gpm injection rate minus the 
2.6-gpm annulus leakage rate at EE-3A. Extrapolating from this permeation 
loss rate and the permeation loss rate at the end of the fourth 15-MPa pres-
sure plateau (2.57 gpm, the last data point shown in Fig. 7-19), one would 
obtain a permeation loss rate of 4.3 gpm at 16.4 MPa. 
 A close look at Fig. 7-21 reveals that by November 14, after the rate of 
injection had been reduced to 6.5 gpm, the reservoir pressure was declining 
very slowly (4.3 psi/day)—indicating a very slight net "negative" injec-

-
tion on November 17, the pressure was increasing at 134 psi/gpm at a net 

change of +11.1 psi/day/gpm. 
 Within the accuracy of the above analyses, the magnitude of the pressure 

In other words, these experimental results show that at an average reser-
voir pressure of 16.4 MPa, there is no longer any appreciable difference 

was at a mean pressure of 10.5 MPa (Fig. 7-19). It therefore appears that at 

storage takes place in the open joints within the pressure-stimulated reser-

from pressure changes within the jointed reservoir region). 
____________________________

more complicated experiments were not possible, it provided informa-
tion about reservoir behavior that would serve as good guidance for the 
conduct of the LTFT; in addition, it increased our overall understanding 

-
voirs. These insights, together with the demonstration via the ICFT of the 
suitability of the reservoir for routine energy production and the redrilling 



Chapter 8
The Surface Plant for the Long-Term Flow Test
Following the ICFT, work began to complete the design and installation 
of a permanent surface plant for the Long-Term Flow Test (LTFT), which 
was planned as a realistic demonstration of the viability of HDR technology 
under conditions closely approximating those of a commercial HDR power 
facility. The major difference was that no power would be produced (the 
thermal energy brought to the surface during circulation would simply be 
wasted to the atmosphere). The decision not to produce power was based on 
the following considerations: 

1. The addition of power-production equipment would considerably 
increase the cost of the plant.
2. Concurrent operation of an electricity-generation unit would draw 
resources, time, and expertise from the primary goal of extracting thermal 
energy.
3. The ability to convert geothermal energy to electricity was already well 
established in the commercial sector.

Design of the Facilities

The LTFT surface plant included the above-ground parts of the HDR circula-
tion loop, external equipment important to the operation of the loop, instal-
lations for chemistry and seismic monitoring, and miscellaneous structures. 
Many of these facilities had been built for the ICFT (carried out in May 
of 1986—see Chapter 7); then, between 1987 and 1991, new components 
were designed and constructed. The design took into consideration not only 
the use of existing facilities, but also of government surplus components 
and commercially available equipment. These facilities and components 
were evaluated, tested, repaired if necessary, and otherwise brought up to 
the standard to which the LTFT surface plant was being built. Because the 
plant had to be erected around the two existing Phase II wellbores and the 

most compact possible. At the same time, it was designed for high reliability 

modes. The plant was constructed in compliance with all the codes and stan-
dards that applied to commercial power facilities at the time. In particular, the 
pressure vessels and piping were designed to conform to the ASME Boiler 
and Pressure Vessel Code and to the ANSI Power Piping Code, respectively.
 Two parameters were of particular importance in the design of the surface 
plant: the anticipated reservoir water-loss rate under long-term operating 
conditions, and the maximum allowable surface injection pressure (the 
maximum pressure that could be applied without inducing reservoir growth). 

       473 
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Early on, long-term water losses had been a concern because high loss rates 
would have been a major impediment to development and implementation 
of the HDR concept. It was already clear, however, that water lost from a 

-
voir boundaries that permeates into the surrounding, lower-pressure rock 
mass. Near the end of Phase I reservoir testing in late 1980, the measured 
water loss was just 7 gpm—much lower than any recorded for an HWR (hot 
wet rock, or marginal hydrothermal) reservoir worldwide. 

volume, impedance, heat extraction, and power production), it would 
be essential to keep the size of the reservoir constant; that is, the volume 
of stimulated rock that constituted the active reservoir region would be 
maintained by keeping the injection pressure below the seismic threshold 
(seismicity being the indicator of renewed reservoir growth). The maximum 
allowable pressure for aseismic circulation was selected to be 3960 psi 

whereas the second segment, at a pressure of 4570 psi, was highly seismic 
(see Chapter 7, Table 7-2 and Fig. 7-6). The essentially aseismic operation of 

 At the same time, to provide for unexpected events—as well as an oppor-
tunity to investigate a wider range of operating conditions—the surface plant 
was designed to enable operation at water-loss rates and injection pressures 
somewhat higher than those anticipated during steady-state operation.

of the differential pressure across the reservoir in concert with the overall 

pressures. Conversely, for a given injection rate, the pressure-dependent 
-

tion backpressure is regulated by a combination of manual- and pneumatic-
control choke valves. Depending on demand, the makeup-water pumps 

 Figure 8-1 is an aerial photograph of the Fenton Hill HDR Test Site as 
it appeared in 1992. The large pond in the woods, visible at the upper left 
of the photo, was the property of the HDR Project; the trailers in the upper 
center of the photo belonged to the U. S. Forest Service. The paved highway 
serving the facility is just out of view at the extreme lower left of the photo, 
near the site entrance. 

 Note: The tightness of the Phase II reservoir had been established during 
Expt. 2077 (March 1989–December 1990—see Chapter 7). By the end of 
17 months of pressure testing at 15 MPa (2200 psi), the rate of water loss 
from the confined Phase II reservoir was close to 2.1 gpm.
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Fig. 8-1. The Fenton Hill HDR Test Site, 1992 (view toward the west). 
Source: HDR Project photo archives

 The components making up the surface plant would perform several 
major functions. They would (1) develop the pressures required for circula-
tion of water through the reservoir; (2) remove the thermal energy from 

the process stream, just upstream of the injection pump. 

station (located under a metal framework) was the "heart" of the surface 

feedback control of the backpressure at EE-2A; and during testing and 

1) The tall 
structure in the upper right of Fig. 8-2 is the logging tower over the EE-1 
borehole (the principal downhole seismic station was located in EE-1, at a 
depth of 9400 ft). 

1With 5000-psi wellhead equipment, one does not attempt to use temperature wells!
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a high-speed data acquisition and control system (housed in the Data 
Acquisition Trailer, or DAT, the building closest to the highway, shown 
at the top of Fig. 8-2) that simultaneously collected operating informa-
tion. Using a PC-based computer with commercial software, the control 
system enabled the loop to be operated unmanned for extended periods 
and provided for automated shutdown in the event of a deviation from 
normal operating conditions.

DAT

Pump
house

pumpsInjection

Production
well

Injection
well

Gas/particle
separator

Backpressure-
regulating

station

EE-1
tower

Heat
exchanger

Fig. 8-2.
toward the east). 
Source: Duchane, 1994c 
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The order of operations was as follows: One or the other of the injection 
pumps (which were housed in soundproof buildings) would pump water 
into the reservoir via the injection well (EE-3A); the water would circu-
late through the reservoir under high pressure, and would exit the reservoir 

station, then through the gas/particle separator for removal of any free gas 

would be reinjected.

Injection
well EE-3A

Production
well EE-2A Sediment

Gas/particle
separator

Two-stage 
backpressure-
control system

Heat
exchanger

Makeup-water
pumps

Injection
pumps

Gas

From
storage

HIGH-
PRESSURE
SEGMENT

LOW-
PRESSURE
SEGMENT

PRODUCTION
SEGMENT

Master
valves

Fig. 8-3. Layout of the closed-loop portion of the Phase II surface facility. 
Adapted from Ponden, 1991

 From a mechanical design standpoint, the plant can be envisioned as 

The high-pressure segment
The production segment
The low-pressure segment 
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High-Pressure Segment

This segment consisted of the injection wellhead, the injection pumps, 
and piping dedicated to the novel functions of HDR technology: injection 

open joints that would normally be closed; and circulation of that water 
across the HDR reservoir through the interconnected array of opened 
joints, thence up the production wellbore. 

Injection Wellhead (EE-3A)
Figure 8-4 is a schematic drawing of the high-pressure injection wellhead 
assembly. The central, 4 1/2-in.-diameter injection tubing (shown as the 
tie-back string in Fig. 6-43), with the attached 5 1/2-in. liner, extended 
down to the beginning of the open-hole section of the wellbore at 11 436 ft 

through the reservoir, the EE-3A wellhead was equipped with numerous 
valves, ports, and instruments that served a variety of functions related to 

testing of the surface system, to be sent to the production wellhead via 
a bypass line. A special valve at the top of the wellhead allowed logging 
to be carried out while the system was under pressure. (All of the valves 

1990, as part of the preparations for the LTFT.) 
 For safety purposes, two master valves were installed on the well-
head—the upper one rated at 5000 psi and the lower one at 10 000 psi—
to contain any overpressure that might inadvertently be applied to the 
injection string (the planned LTFT injection pressure was only 3960 psi). 
Additional pressure-relief valves and side outlets were employed for 

mentioned several times earlier, because of the frac-around of the poorly 

the annulus outside the injection tubing, exiting the wellbore through the 
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Flange  4 1/16 in. API; 10 000 psi

Flange  13 5/8 in. API; 3000 psi

Lower master valve
 4 1/16 in. API; 10 000 psi

High/low valve
 4 1/16 in. API; 5000 psi

Injection cross and wing valves
Surface bypass line to EE-2A
Injection line

Upper master valve
 4 1/16 in. API; 5000 psi

Gauge

Gauge

Pressure-relief valve
 11 in. API; 5000 psi

Logging valve
 4 1/16 in. API; 5000 psi

Special design flanges

Valve
 20 3/4 in.
API;
 3000 psi

Seal

Tree cap

Side outlet (outer annulus)
 2 in. NPT

Conductor pipe

Surface casing 20 in.

Intermediate casing 13 3/8 in.

Deep casing 9 5/8 in.

Injection tubing 4 1/2 in.

Cement

Center line

See Fig. 5-12
for casing
details

Side outlets, backside
(inner annulus) flow line
 2 1/16 in. API; 5000 psi 

Fig. 8-4. High-pressure injection wellhead assembly (Well EE-3A). Left: 
exterior view; right: cutaway view.
Based on an HDR Project drawing by D. S. Dreesen, 1992
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Injection Pumps
The injection pump was the "driver" of the HDR circulation system. It 

-

(7.5 MPa) at its inlet, so that the entire HDR circulating system could be run 
as a pressurized, closed loop. Unfortunately, at the time, no manufacturers of 

 After an evaluation in 1989 that considered experimental, operational, 
and economic issues, and a review of products from several manufacturers, 
plunger-type pumps were chosen over centrifugal pumps for this high-
pressure application. A pair of 5-cylinder reciprocating pumps (Fig. 8-5) was 
purchased from Ingersoll-Rand (IR) Corporation. Having two pumps would 
enable them to be operated alternately, provide a backup capability, and allow 
for pump maintenance without the need to shut down LTFT operations. 
 The reciprocating pumps were essentially similar to pumps produced by 

were specially engineered for the particular requirements of the HDR Project: 
the higher pressures and longer periods of sustained operation that were 

cylinder moved in its own block—cast from Nitronics 50, a high-strength steel 
alloy—with the bore machined to tight tolerances. These blocks, produced by 
a subcontractor to IR, typically were quenched rapidly in water after casting; 
but at the request of Los Alamos, IR directed that the blocks for these particular 
pumps instead be air-cooled to relieve any thermal stresses in the cast metal. 

resistant materials: Nitronics 50 stainless steel for the pressure-boundary parts, 
and Inconel (another special type of stainless steel) for the valves.
 Each pump was powered by a 520-hp Caterpillar diesel engine via an 
automatic transmission that permitted a considerable range of operating 
conditions. The pump–transmission–driver assembly was skid-mounted and 
housed in a sound-attenuating enclosure to reduce noise. Each unit and its 

anchored to a 10 ft × 28 ft (3.0 m × 8.5 m) concrete pad embedded in the 
local tuff bedrock. In addition, pulsation-dampening devices were installed 
on the pumps to reduce vibration in adjacent parts of the loop. The pumps 

-
ated alternately, each would run for a period of 250 hours (the recommended 
operating period between oil changes for their diesel-engine drivers). A 
10 000-gal. (38 000-L) diesel fuel tank was located in a plastic-lined berm 
near the pumps.
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Fig. 8-5. Ingersoll-Rand 5-cylinder reciprocating pump. 
Source: HDR, 1993

 The failure of both injection pumps within a period of two days, after 
only a few months of operation (see Chapter 9), would be a major setback 

in earlier experiments and then a rented plunger pump—a high-pressure 
centrifugal pump would be rented from the REDA Pump Co. (Fig. 8-6). 

200-stage pump driven by a 350-hp electric motor and incorporating new 
sealing technology; it was designed for continuous operation at the high 

Despite initial problems with the electrical hookup, the pump would provide 
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operations were suspended (because of a funding shortfall). Only following 
a two-year hiatus would a new centrifugal pump be purchased from REDA; 
it would operate, like its predecessor, nearly trouble-free for the remainder 
of the LTFT.

Fig. 8-6. The REDA centrifugal pump. 
Source: REDA Pump Company brochure, 1992

High-Pressure Piping
Several hundred feet of high-pressure piping connected the injection pump 
to the injection well. This section of the loop was fabricated from nominally 
4-in. (100-mm), type 304L stainless steel pipe having an inner diameter of 
just over 3 in. (75 mm). (Carbon steel pipe was not used because, to meet 
the 5000-psi [34-MPa] maximum working-pressure standard, the inner 
diameter would have had to be very small—far too small to accommodate 

 The high-pressure piping was connected to the two injection pumps 
via a manifold system that enabled fluid entry from either pump or 
simultaneously from both. Because of its length, the pipeline was 
mounted on rollers several feet off the ground to allow for thermal 
expansion. It was tied into the injection wellhead at a point about 12 ft 
(3.7 m) above ground, via an elbow (designed to further relieve stresses 
resulting from thermal expansion and contraction) positioned a few feet 
from the wellhead. This design would prove to be a problem-free one 
during LTFT operations at Fenton Hill.
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Production Segment

This segment had the same pressure rating as the high-pressure segment 
(5000 psi). It consisted of the production wellhead and the adjacent back-
pressure-regulating station. 

was similar to that of the injection wellhead: it was equipped for logging 
-

head via a surface pipe that bypassed the reservoir (for testing of the 

similar in general to those on the injection wellhead but with variations 
-

tion well, the production well was cased and cemented full-depth (see 
Fig. 7-17). Except for the lower master valve, all the valves controlling 

the preparations for the LTFT. 

a redundant choke manifold that maintained the desired backpressure at 
the production well. This two-stage backpressure-control system was a 

pressure control), a strainer assembly designed to remove particulates as 
small as 50 -
matic throttling valve that further increased the backpressure. The piping 
in this segment was designed for operation at pressures of up to 5000 psi 
(34 MPa).
 Thermal stress was anticipated at the outlet of the production wellbore, 
because (1) temperature changes of over 100°C could be expected in the 
10 770 ft (3283 m) of production casing as the system went from dormant 
(geothermal gradient) to full circulation (hot); and (2) it was known that 
the cement within the wellbore, which normally would have minimized 
thermal expansion, had suffered some deterioration. With this in mind, 
the outlet piping from the production wellbore was designed to expand 
up to 2 1/2 in. (6 cm). But this degree of allowance for expansion would 

be redesigned to incorporate an expansion elbow capable of accommo-
dating 6 in. (15 cm) of growth.
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Flange  7 1/16 in. API; 10 000 psiVent line

Flange
     13 5/8 in. API; 3000 psi

Lower master valve
 (shut in for P > 4500 psi)

High/low valve
 4 1/16 in. API; 5000 psi

Production cross and wing valves
Surface bypass line to EE-3A
Production line

Upper master valve
 7 1/16 in. API; 5000 psi

Gauge

Side outlets, front side
           2 1/16 in. API; 10 000 psi

Side outlets (backside), cemented to surface
          2 1/16 in. API; 5000 psi

Cement

Center line

Pressure-relief valve
 11 in. API; 5000 psi

Logging valve
 7 1/16 in. API; 5000 psi

Flange 4 1/16 in. API; 5000 psi

Flange 7 1/16 in. API; 10 000 psi

Conductor pipe

Surface casing  20 in.

Intermediate casing  13 3/8 in.

Deep casing  9 5/8 in.

Tie-back (production) casing  7 in.

Special design flanges

See Fig. 5-4
for casing
details

Pressure-relief valve 
 set at 4500 psi

Open
vent
 20 in. API; 
 3000 psi

Seal

Tree cap

Side outlet, between 9 5/8-in.
and 13 3/8-in. casings
 2 in. NPT

Fig. 8-7. Production segment: production wellhead assembly (Well EE-2A). 
Left: exterior view; right: cutaway view.
Adapted from Dreesen et al., 1989
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Low-Pressure Segment

This segment comprised the gas/particle separator, the heat exchanger, the 

(with makeup water added at the pump house) was routed to the inlet of 
the injection pump. The pressure in this segment was determined by the 

equipment (primarily the heat exchanger) and the connecting piping, which 
were constructed primarily of carbon-steel materials having a maximum 
design pressure of 1100 psi (7.5 MPa). 

Gas/Particle Separator
This unit was located just downstream from the backpressure-regulating 

-
tion. The separator was built and installed in conformity with the ASME 
Boiler and Pressure Vessel Code. It was designed to separate any free gases 
(at up to 350 lb/min [160 kg/min]) and suspended solids (at up to 3 lb/min 

was pressurized to the same level as the other parts of this segment of the 
loop, the separator would remove only those gases whose concentrations 

-
rator would never be taxed to anywhere near its capacity, however.)

Heat Exchanger
The heat exchanger had been in use periodically at Fenton Hill since 1976, 
when it was purchased from the Yuba Heat Transfer Company for testing of 
the Phase I reservoir. This air-cooled unit was designed to extract geothermal 
power—essentially the same function that commercial geothermal power 
plants perform when exploiting natural (hydrothermal) hot water resources. 

A-214 carbon-steel cooling tubes, each with a cooling capacity on the order 
of 5 MW.2 For circulation testing, in fact, the heat exchanger was larger than 
needed; during the LTFT, typically only one of the four bundles would be 
used at any given time.
 Because of the age of the unit and the susceptibility of the cooling pipes 
to corrosion, several of the tubes were removed and inspected during 
construction of the surface plant. The inspections turned up iron-carbonate 
scale deposits, probably resulting from the interaction of dissolved carbon 
dioxide with the mild steel of the heat exchanger tubes. When the scale was 

2Some references may cite a capacity of 20 MW per bundle, or 80 MW total. The 
original order called for a unit that size, but because of budget cutbacks in 1975, 
the unit actually purchased was much smaller.
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removed from the test specimens, the walls turned out to be sound: degra-
dation of the wall material was negligible. On the basis of this evaluation, 
the decision was made not to clean or replace the tubes.
 Improvements were made to several other parts of the heat exchanger in 
preparation for the LTFT: the motor control unit for the fans was modern-
ized to provide more reliable operation and bring it into compliance with 
the latest code for the operation of large electrical equipment; the operation 

to the tube bundles were replaced.

Makeup-Water Pumps
Downstream from the heat exchanger was the pump house (see Fig. 8-2), 
in which were installed two types of makeup-water pumps: high-pressure, 
low-volume Roto-Jet pumps and low-pressure, high-volume Meyers 
pumps. There were two of the centrifugal Roto-Jet pumps, each driven by a 
50-hp motor and capable of delivering 37 gpm (140 L/s) against a pressure 
head of 1000 psi (6.8 MPa). These pumps would be used during closed-
loop circulation when the HDR system was under pressure. It was expected 
that once steady-state reservoir circulation had been established, with water 
losses projected to be only in the range of 10–20 gpm, a single Roto-Jet 

 The Roto-Jet pumps were controlled by an electronic duplex logic circuit 
designed to automatically activate the second pump whenever the demand 
exceeded the capacity of a single pump. This logic circuit would prove 
to be somewhat troublesome, causing several shutdowns. Eventually, the 

restart after brief power outages, such as those attributable to the Roto-Jet 
pump circuitry. Despite overall satisfactory performance, the Roto-Jets 
would prove to be expensive to maintain (in particular because of ongoing 
problems with erosion of components).

open-loop operations, was a conventional, high-volume Meyers pump. 
Four of these were installed in the pump house and plumbed into the loop. 
Each pump was capable of supplying water at a rate in excess of 100 gpm.

Low-Pressure Piping
The low-pressure segment of the loop contained the several hundred 
feet of piping between the choke assembly and the inlet of the injection 
pump. This section of piping was designed for operation at pressures up to 

monitoring and backpressure-regulating station, through the gas/particle 
separator, under a service road, and into the inlet manifold for the heat 
exchanger. Piping from the heat exchanger outlet then delivered the cooled 
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the injection pump—the lowest pressure in the closed circulation loop (the 

 As mentioned above, the rather circuitous route of the low-pressure 
piping stemmed from the need to connect the wellbores of the deep system 
via the heat exchanger without moving that massive piece of equipment. 
The piping was made of carbon steel, much of it salvaged from earlier 
operations. Before being used for the LTFT, it underwent both mechanical 
and radiographic inspection, which showed the overall condition to be good 

distance downstream of the gas/particle separator, an elbow was built into 
the piping for protection against thermal expansion. 
 It should be stressed that the surface loop for an HDR power plant is 
unique: it differs from all other types of geothermal power plants in that it 

the parasitic pressure losses in the surface equipment, the better—because 
higher losses would increase the pumping power required. For the LTFT, 
for instance, the pressure rating of the low-pressure segment would ideally 

-
tion pump at a pressure not much lower than the controlled backpressure 
of 1400 psi. However, the heat exchanger (which had been installed before 
Phase I testing and before high-backpressure operation was envisioned), 
was not capable of operation at these higher pressures. This limitation 

condition for the LTFT. 

Automated Control and Monitoring System

The operations of the surface plant could be controlled automatically via a 
Dell 486 computer in the DAT. The software used, DMACS (Distributed 
Manufacturing and Control Software), was a commercial product marketed 
by Intellution of Norwood, MA, USA. The computer was interfaced, via 

computer in the DAT, a large-display terminal in the operations building, 
and a unit in the chemistry trailer. This arrangement permitted personnel in 
any of the three buildings to view operating parameters in real time, imple-
ment changes in the control parameters, or call up historical data. (These 
functions could also be performed remotely by telephone via a modem 
connection.) The system was password-protected to prevent unintentional 
or unauthorized changes.
 Figure 8-8 shows the data-acquisition and control points in the surface 
loop. Overall system balance was extremely important because of the 
potential for "feedback" effects during closed-loop operation. For example, 
the amount of pressure from the low-pressure side of the loop, at the inlet 
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to the injection pump, is additive to the pressure generated by the pump; 
that is, a cumulative pressure results that is greater than that produced by 
the injection pump alone. That greater pressure, if unregulated, could lead 
to 

and so on. The pressure delivered by the injection pump is normally controlled 

impedance (which is a function of the reservoir pressure and the production 

checked regularly during the LTFT, at a number of points in the loop—as 

determines the productivity of an HDR system. 
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Fig. 8-8. Schematic of the data acquisition and control system.
Adapted from Ponden, 1992 

the production well, the throttling valves at the outlet of the production well 

-
tored and controlled was the water level in the water storage tanks that supplied 
the makeup-water pumps. Finally, there were a number of control points that 
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could be used during startup or shutdown, for safety checks, or in special 
situations such as out-of-range conditions (which automatically triggered 
alarms).
 Flow could be vented from several points in the loop. In addition, from 

to the production wellhead instead of through the reservoir—an option that 
was especially useful during testing of the surface loop. From the produc-

desirable option); or even (3) just before entry into the injection wellbore. 
The temperature at the heat exchanger was controlled by adjusting the posi-
tions of the louvers that directed air over the tubes. Automated operation 
of the heat exchanger's cooling fans served primarily to ensure that rapid 
on–off cycling would be avoided.
 Although the system was fully automated, the programmed control points 
could always be overridden manually. A HI/HI–LO/LO alarm mechanism 

alarm, but a further deviation from programmed conditions would actually 
shut the plant down (during manned operations, the initial alarm alerted 
on-duty personnel to take corrective action, and thereby avert a shutdown). 
 In warm weather, automated system shutdowns could deactivate the 
system completely by closing valves and turning off fans and pumps. In 
the winter, however, when freezing conditions could be expected, the outlet 
control valves could be left partially open to allow a 10- to 15-gpm (40- to 

through the production and injection lines to keep key components from 
freezing, and then vented to the pond. Because of the residual pressure in 

for weeks or even months (though such long-term usage would not prove to 
be necessary).

Ancillary Facilities

A number of support facilities were needed to keep the surface plant 
running, collect important data, and manage the overall operation. Elec-
tricity was obtained from the Jemez Mountains Electric Coop, the local 
power supplier. During summer thunderstorms or winter snowstorms, 
power outages could and did occur—and would prove to be a major cause 
of inadvertent system shutdowns over the course of the LTFT. These 
support facilities and equipment included the following:
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On-site Water Well
The 450-ft (140-m)-deep water well drilled in 1976 would continue to 
supply water for all domestic and loop operations throughout the LTFT. Its 
nominal production rate was 100 gpm. 

Water Storage Ponds
The two water storage ponds on the site would provide storage and venting 
capacity during the LTFT. The larger pond (5-million-gal. capacity) was 
located about 300 ft (100 m) south of the surface loop (see top left area in 
Fig. 8-1). Water from this lined, covered pond was pumped via an under-
ground pipeline to the storage tanks behind the pump house (visible just to 
the left of the pump house in Fig. 8-2).
 The smaller storage pond (Fig. 8-1, near the center), which had a capacity 
of about 1 million gal., contained primarily water vented from the circula-
tion loop. Because such water could contain a few parts per million arsenic 
(as well as a number of other minerals), dissolved gases such as carbon 

in 1990, before the start of the LTFT. It was further excavated and graded, 
after which a narrow trench was dug down the middle. It was then lined, 
including the trench, with 30-mil, polyvinyl-chloride plastic. Perforated 
pipe was installed in the trench on top of the liner, running the length of the 
pond. Finally a second liner, of XR-5 (a material with superior resistance to 
ultraviolet radiation), was added. This upgrade—double lining plus a pipe 

be pumped out and properly disposed of—was done in accordance with 
standards approved by the New Mexico Oil Conservation Division.

Buildings
The four buildings essential to operation of the loop were the operations 
building, the DAT, the pump house, and the chemistry trailers. (All of these 
buildings except the pump house and the second [smaller] chemistry trailer 
were in service during the Phase I operations.) 

Operations Building 
Located outside the loop just beyond the small pond (see Fig. 8-1), the 
operations building served as the site's administrative center. As mentioned 
above, all loop functions could be monitored and controlled from this 
building as well as from the DAT. For the LTFT, the building's conference 
room was equipped with a large-screen television that could display a 

at the injection and production wellheads (displayed in boxes beside their 
icons and updated every few seconds). It could also display historical data 
graphically.
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Data Acquisition Trailer
The DAT, the control center for the loop, housed the master computer 
by means of which loop operations were monitored and controlled, the 
computer hardware and software for receiving and processing seismic data, 
and the media for storing all the operating and surveillance data as it was 
generated. (Most of the equipment that had earlier been installed in this 
trailer, for monitoring of the Phase II pressure-stimulation experiments, had 
by now been upgraded, disabled, or removed.)

Pump House
This small insulated building, which was located between the heat 
exchanger and the injection pumps, contained the six makeup-water pumps 
(two high-pressure Roto-Jets and four high-volume Meyers pumps) and 
a number of control valves. The two 2000-gal. (7600-L) storage tanks 
behind the building were often referred to as the "frac tanks," because 
they had originally been used to store water for the "fracturing" (pressure- 
stimulation) experiments. 

Chemistry Trailers
The chemistry trailer used during Phase I operations and expanded during 
Phase II (in Fig. 8-2, the long trailer beyond—and partially obscured by—
the tall logging tower over EE-1) remained in its original location beside 
the main site road and adjacent to the water well. For the LTFT operations, 
a second, smaller "chem trailer" was stationed physically within the loop, 
between the two wellbores (the small trailer visible just to the right of the 

regulating station in Fig. 8-2). This small portable building contained the 
instruments that automatically monitored the pH, oxidation/reduction poten-

about 0.5 gpm [0.03 L/s] was diverted to these instruments; collection of 
the gaseous components from this sidestream, and their periodic measure-

elemental analysis by inductively coupled plasma (ICP) spectroscopy.

Seismic Monitoring Network
Only part of the seismic monitoring network established for the Phase II 
hydraulic-stimulation operations would be used during the LTFT; the plan 
was to instrument the three downhole (Precambrian Network) seismic 
stations for radiotelemetric reporting to the central computer in the DAT. 
These three stations were the single-axis geophones installed in GT-1 
(Barley Canyon) at a depth of 2570 ft; in PC-1 (Lake Fork Canyon) at 
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2450 ft; and in PC-2 (Lake Fork Mesa) at 1900 ft. In addition, on occasion 
a 3-axis geophone would be deployed at a depth of 9400 ft in the EE-1 
borehole, which was extremely close to the reservoir, to pick up very minor 
seismic activity or even system "noise" created by the movement of the 

constraints prevented the Project from supporting even a part-time seis-
mologist for the LTFT.) 

Miscellaneous Equipment and Structures

A number of surge tanks, miscellaneous equipment, and storage structures 
were located on the site (see Fig. 8-1). Other structures enclosed the Phase I 
wellbores (the large square tower visible near the center of Fig. 8-1 enclosed 
the EE-1 wellhead, and the shorter tower south of EE-1 enclosed the GT-2 
wellhead). Also on the site were trucks, a small bulldozer for grading and 
snow removal, and a large crane procured in 1991.

Environmental and Safety Controls

A variety of environmental and safety measures were put in place to govern 
work at the site. These included an established safety program with regular 
meetings, an operational readiness review (conducted by an independent 
committee before the start of the LTFT), and a site-wide environmental 
surveillance plan, as well as guidance on how to respond in unexpected 
or emergency situations. Particular attention was paid to the potential for 

-
tegic locations, and alarmed detectors were installed at sites where escaping 

detectors were procured. No doubt owing at least in part to careful compli-
-

lems arose during the LTFT.



Chapter 9
Long-Term Flow Testing of the  
Phase II Reservoir
In the wake of initial Phase II reservoir testing and the ICFT, fundamental 
questions about the commercial potential of HDR technology remained to 
be answered. How reliable is power production from an HDR reservoir? 
What might be the longevity of such a reservoir? To answer these ques-
tions, and to demonstrate that geothermal energy could be extracted on a 
sustained basis, more extensive testing would be required. The Long-Term 
Flow Test (LTFT) for the Fenton Hill Phase II reservoir was designed to 
simulate as closely as possible the conditions under which a commercial 
HDR power plant might operate.
 From its very beginning, the HDR Program had as its overriding goal 
to demonstrate that the heat-mining concepts developed at Los Alamos 
could be applied to extract useful amounts of energy from the vast, non-
hydrothermal HDR resource. As described in Chapter 4, the small, Phase I 

and 1980. With those accomplishments as a foundation, all the work on the 
larger, Phase II reservoir was conducted with an engineering-scale demon-
stration of HDR technology in mind. As the HDR Program at Los Alamos 
was scaled back in the 1980s, therefore, the remaining effort was directed 
almost totally toward the LTFT. Essential information for the design of the 
LTFT was derived from the results of the ICFT and of Expts. 2074 and 
2077 (see Chapter 7).
 The information in this chapter is derived primarily from reports of 
the Hot Dry Rock Geothermal Energy Development Program (1993 and 
1995), Brown (1994b, 1995a, and 1996a), Brown and DuTeau (1993), and 
Duchane (1995b and 1996c).

Development of the Operating Plan

On September 9, 1986, several months after completion of the ICFT, the 

principal goals for the LTFT:
-

ance and water losses
2. Operate the reservoir at various steady-state conditions, up to an unde-

The memorandum described only a generalized operating plan for the LTFT. 
That plan was somewhat ambivalent about the details of the test protocol, 
stating in one instance that "continuous loop operation during a reservoir 
improvement sequence of experiments is not necessary or desirable," while 
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in another place presenting a diagram for a 9-month continuous test period 

 Over the next year, these two goals matured into the following set of six  
goals, as paraphrased from the Program's Annual Report for 1987 (HDR, 1989b): 

1. Determine the thermal characteristics of the reservoir, including power 
vs time, extractable heat, and thermal stress effects
2. Determine the time-varying hydraulic characteristics of the reservoir
3. Study the operating characteristics of the system

6. Provide a database useful for the creation of additional HDR reservoirs
 With these goals as a basis, a more detailed operating plan was formu-

engineering objectives. For example, tests were proposed to maximize 
reservoir productivity and severely stress the HDR reservoir. The plan 

stages would each last 30 days, while the third stage—circulation at the 

month of the third stage, some additional experiments would be carried out: 

of variations in the pressure maintained at the outlet of the production 
well. 

production well would be shut in and the injection pressure increased 

experiments, to be spaced about two months apart, were designed 
to induce additional joint-opening and thereby improve reservoir 
productivity. They were expected to produce some seismicity but also 

conditions were resumed. 
 The plan also called for tracer experiments at key points during the three 

unlocking experiments. 
 The LTFT would be concluded with a 2-week cyclic experiment to 
demonstrate the operation of the system in a "huff–puff" (inject–produce) 

in the reservoir at increasingly higher pressures for 12 hours, then extracted 
and produced at decreasing pressures over the next 12 hours.

to achieve a balance between the desire to obtain as much information as 
possible, through reservoir testing under a variety of conditions, and the 
need to obtain basic, straightforward data that would provide a solid foun-
dation for further HDR development. 
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 The HDR Program's external advisory committee, known as the 
Program Development Council (PDC), consisted of representatives from 
relevant industrial, academic, and government organizations. The industrial 
members, in particular, had continually stressed the fundamental impor-
tance of the LTFT to the future of HDR. During meetings held in June 1988 
and in March 1990, the PDC pushed hard for "getting on with the LTFT." 
At the same time, they found the 1987 operating plan (HDR, 1986b) too 
complicated, and argued for a simple testing protocol that would provide 
unambiguous answers to key questions. Declining budgets, too, were 
forcing a rethinking of the plan. By the time of the July 1991 meeting of 
the PDC, when the surface plant had been constructed and other prepara-
tions for the LTFT were nearing completion, the plan presented by the HDR 

1. A one-month preliminary circulation period, to evaluate the state of 
the HDR system and determine parameters for subsequent testing. This 
period would also include a brief evaluation of the effects of maintaining 
a high backpressure at the outlet of the production well. 
2. One month of steady-state circulation at the highest possible aseismic 
injection pressure, to determine the best performance that could be 
expected of the existing reservoir under benign operating conditions; and 
to obtain data regarding water consumption during circulation in a non-
growth mode.
3. A long (8- to 10-month) period of steady-state circulation, under 
seismic conditions of moderate reservoir growth, to ascertain the system's 
maximum sustainable energy production capability. This test phase, by 
taxing the thermal capacity of the reservoir, would provide data from 
which the useful thermal lifetime of the reservoir could be estimated. 

 In addition, some "enhancements" to the plan were included, to be imple-
mented if the LTFT could be continued beyond one year: 

Continuation of the 8- to 10-month steady-state operation for up to 
9 additional months.
A single stress-unlocking experiment at a maximum injection pressure 
of 4500 psi (31 MPa), followed by a two-week period of steady-state 
circulation to assess its effectiveness in increasing the productivity of 
the reservoir.
An additional month of steady-state operation at the highest possible 
injection rate, to (a) ascertain the maximum productivity obtainable 
from the reservoir and (b) simulate, to the extent possible, the opera-
tion of an HDR system with multiple production wells. (Multiple 
production wells would ostensibly provide additional pressure sinks 

higher pressures.) 
A month-long cyclic experiment entailing a 12-hour injection/12-hour 
production schedule similar to that proposed in the 1987 LTFT plan. 



Chapter 9   Long-Term Flow Testing of the Phase II Reservoir496

 Like previously proposed protocols, this new plan called for extensive 
tracer testing and seismic monitoring throughout the test period. In the eyes 
of the Los Alamos staff, it responded to concerns expressed by the PDC by 
incorporating a longer period of truly "steady-state" operation (albeit under 
seismic conditions to maximize reservoir productivity). It was designed to 
test the Phase II HDR reservoir under rigorous conditions—which, it was 
hoped, would bring about measurable thermal drawdown of the reservoir 

 The PDC, led by its industrial members, still found this approach to the 
LTFT too complex. They urged instead a straightforward test that would 
provide fewer, but much less ambiguous, answers to questions about 
the viability of HDR for the practical production of useful amounts of 
geothermal energy. They argued that any evidence of thermal drawdown, or 
lack thereof, that might be observed under conditions of continuing reser-

 The LTFT was therefore redesigned one last time, to something much 
more akin to a simple demonstration that the Phase II reservoir could 
provide reliable energy in a routine manner. The test conditions would 
represent those that could be replicated in an HDR production plant. The 
LTFT plan that was adopted by the PDC may be summarized as simply,

 Over the next several years, although the spirit of this operating strategy was 

Preliminary Flow Tests

In the fall of 1991, with construction of the surface plant essentially 

was fully capable of the sustained operation the LTFT would require. 
(Well EE-3A was still serving as the injection well, with the same injec-
tion interval used since the ICFT in 1986.) These tests were carried out 
between December 1991 and March 1992. Three of them were production 
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Table 9-1.
Test 1 Test 2 Test 3
4–6 December
1991

5–7 February
1992

2–13 March
1992

Operating parameters at close 
of test period
    Injection pressure, psi (MPa) 

    Production backpressure, psi (MPa)

3700 (25.5)
86 (5.4)
2210 (15.2)

3872 (26.7)
114 (7.2)
1537 (10.6)

3756 (25.9)
111 (7.0)
1494 (10.3)

Production data at close 
of test period
    Temperature, °C 

    Water loss rate,* gpm (L/s); %
    Thermal power production, MW

 
    (MPa per L/s)

154
74 (4.7)
9.7 (0.6); 11
2.7
20.1 (2.2)

177
101 (6.4)
11.4 (0.7); 10
4.2
22.9 (2.5)

180
95 (6.0)
7.3 (0.5); 7
4.0
23.8 (2.6)

wellbore. 

years that water had been circulated through the Phase II HDR reservoir. The 
test was preceded by two days of pressurization, during which the reservoir 

continuous circulation was possible, the operating conditions were conser-

the known temperature of the reservoir. Water losses were small at 11%, as 
would be expected under such conservative conditions. Overall, this initial 
test demonstrated in a forthright manner the viability of the surface plant and 

minor problems, which were corrected before testing proceeded.) 
 Test 2 was designed to evaluate both the reservoir and the surface 
plant under typical operating conditions. It revealed a number of points at 

documented in Table 9-1)—one for evaluating an emergency procedure to 
protect the surface equipment from freezing in the event of unanticipated 
winter shutdowns, and one for evaluating the response of system controls to 
unexpected power outages. 
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following these the LTFT proper was begun in early March 1992. But 
circulation had to be halted after only 11 days because of greater-than-
anticipated expansion of the production piping (indicated by excessive 
upward movement at the wellhead). The production wellhead piping was 
redesigned, and an additional stress-relief bend (often referred to as an 
"expansion loop") was installed in the line near the wellhead to accom-
modate an expansion of 6 in. (15 cm). Regular inspections of the casing 
showed that following the redesign, the piping typically lifted 2–3 in. 
(5–8 cm) off its support, but the stress-relief bend virtually eliminated the 
danger of pipe failure. The 11 days of circulation in March became by 
default a third preliminary circulation test, Test 3. 
 During the last three days of Test 3, the reservoir had essentially reached 

which had continued to rise at an average of 0.4°C/day (Fig. 9-1). The 
produced thermal power at the end of 10 days, when the surface injection 
temperature was 21°C, was 4.0 MW.
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Performance of the Surface Facilities During the  
Pre-LTFT Tests

Overall, the automated surface plant operated smoothly and without major 

 By the close of these tests, the 5-cylinder reciprocating pumps had each 
been subjected to approximately 700 hours of operation since their arrival at 
Fenton Hill in December 1990. The only mechanical problem encountered 
was a defective crank bearing in one of the pumps, which caused some 
trouble early in the test period; the pump was quickly repaired by the manu-
facturer and returned to service. On-site inspection of the pumps uncovered 
heavy wear on the sealing surfaces of the discharge valves and the suction 
valves, but this did not seem to affect hydraulic performance. 
 The gas/particle separator was found to effectively remove undissolved 

and over shorter intervals during the pre-LTFT tests than during the ICFT. 
There was very little sediment. As an example, less than 1 g of sediment was 
removed from the separator following one of the 3-day circulation tests.
 A minor problem was encountered with the makeup-water system; it was 
remedied by redesign of the control logic and the installation of additional 
control equipment.

The Long-Term Flow Test: Operations (1992–1995)

The LTFT can be considered as having extended from April 1992, when 
sustained circulation was initiated, until circulation was permanently halted 
in July 1995. Figure 9-2 is a generalized timeline of the operations carried 
out at Fenton Hill over this period. 
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 The LTFT plan approved by the PDC had been to conduct a one-year 

imposed a more fragmented testing regimen over a more protracted test 

a full halt in mid July 1995, three major, steady-state production segments 
had been carried out: early April–late July 1992 (112 days); mid February–
mid April 1993 (55 days); and May–July 1995 (66 days). In total, these 
segments amounted to almost 8 months of operation. In addition, several 
brief experiments were carried out to evaluate cyclic production (both 

conducted during otherwise nonproductive intervals, bringing the total time 
of circulation through the reservoir to about 11 months.

First Steady-State Production Segment: April–July 1992
-

cations to compensate for the wellhead growth (expansion of the production 
piping) observed during the preliminary Test 3, water was injected into the 
reservoir on April 7, 1992. The next day, April 8, circulation was begun. 
The operational goal was to maintain continuous circulation for a period 
of one year. Injection pressure was maintained at the highest level that 
would not cause joint extension (approximately 3960 psi [27.3 MPa]), and 
the backpressure at the production well was kept at 1400 psi (9.7 MPa); 
these levels were designed to pressure-dilate the deep joint connections to 
the production borehole while preventing the boiling of the superheated 
water and keeping dissolved gases in solution. Everything ran smoothly for 
nearly four months, the two high-pressure injection pumps operating on an 
alternating basis, ten days each at a time with oil changes every 250 hours. 
(The fact that no microearthquakes were detected during this test period 
indicates the absence of additional joint openings or extensions—i.e., of 
further reservoir growth.) 
 Then, unexpectedly, at the end of July both the injection pumps failed 
within two days of one another, forcing a shutdown. The problem was 

-
tion revealed hairline cracks in almost all the cylinder blocks of both 
pumps, rendering them unusable. A committee of materials experts from 
several institutions was convened to review the pump design and to carry 

reached was that the microstructure of the Nitronics 50 stainless steel used 
for the cylinder blocks was not homogeneous but contained a sigma phase 
in the alloy (possibly a result of the slow, air-cooling annealing procedure 
used during manufacture, which—at the Laboratory's insistence—had been 
substituted for rapid quenching in an effort to minimize residual stresses). 
To verify the effectiveness of rapid cooling, the Los Alamos Materials 
Technology group carried out a heat-treatment experiment in which one of 
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the defective components was heated to 1122°C and then rapidly cooled by 
oil quenching. When the component was cut into sections and examined 

was preferable.

was extremely successful in almost every technical aspect. With the excep-
tion of a few minor quirks, which were corrected, the surface plant performed 

that only 10 days after the start of circulation, the surface equipment was 
performing so well that it was possible to put the plant in an automatic, 
"unmanned" operational mode for the weekend. However, a brief electrical 
power "glitch" occurred the next evening—Sunday, April 19—provoking 
an automatic shutdown that resulted in 15 hours of lost production (this 
shutdown feature and all the other automated control and safety systems 
performed as designed). Flow was reinitiated early Monday morning, when 
operating personnel returned to the site.

-
trical glitches, during both manned and unmanned periods. Finally, the 
electrical controls were redesigned to prevent random power interruptions 
of a few seconds or less from totally shutting the plant down. The redesign 

every night as well—soon became the rule. 

functioned more and more smoothly. Numerous diagnostic tests were also 
conducted during this period. Circulation was maintained more than 95% 
of the time, and production rates and temperatures were extremely stable. It 
appears that, had the injection pumps not failed, circulation could have been 

Interim Flow Testing: August 1992–February 1993
When the injection pumps failed, a backup pump was enlisted so that 
pumping could resume. The primary goal during this period—known as 
the Interim Flow Test, or IFT1—was to keep the reservoir pressurized and 
maintain circulation, thus preserving the integrity of the reservoir and, in 
turn, the ability to resume testing once the injection pump problem had 
been resolved. In addition, maintaining circulation allowed a modicum of 
data to be collected. 
 Injection resumed on August 13 and production on August 20, at some-

backup pump had neither the capacity to inject at the high levels desirable 
for the LTFT nor the quality of construction for long-term operation). 

1For more information on the IFT, see Brown and DuTeau, 1993.



Chapter 9   Long-Term Flow Testing of the Phase II Reservoir502

 In early October, the backup pump "died of old age," with a cracked 
cylinder head. The reservoir was shut in for about four weeks, until an 

and installed. Flow testing began again on October 28, 1992; but the leased 
pump (known in the industry as a "mud pump"), which was designed to 

suffered repeated failures as its rubber piston seals eroded. A redesign of 
the pistons and seals managed to prolong the pump's life into early January 
1993, allowing additional data to be collected. When this pump too died, 
the reservoir pressure began to decline rapidly (by injecting into EE-3A, 

-
tion wellhead and through the surface loop to keep the equipment from 
freezing). A small backup pump was then brought on line to continuously 

too drastically. It was used for about a week, beginning January 19, until 
a new rental pump (already on order from the REDA Pump Company of 

January 25, was fundamentally different in design from the failed injection 
pumps: centrifugal rather than piston, and powered by electricity rather than 
diesel fuel. Although the new pump had a narrower operating range than the 
piston pumps and was more expensive to run because of the electric drive, 
it proved to be simpler to operate and maintain. 

December 1992. These tests were designed to assess the extent to which 
production well backpressures higher than the nominal 1400 psi (used 

-
mance. With the injection pressure maintained at 3960 psi, two "off-design" 

-
lished, and operating parameters were measured on the date when those 
conditions were the most representative. The "data points" thus obtained 

test (December 10), and an 1800-psi "plateau" of 17 days for the second test 
(December 27). 

-

essentially no change at 1800 psi.
 In all, the IFT lasted nearly 7 months, maintaining pressure on the reser-

valuable operational and diagnostic information. Operations during the IFT 

pump shut-ins that interrupted circulation (even at the reduced injection rates 
and pressures, the temporary injection pumps were not adequate to the task). 
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Table 9-2. 
during the IFT 

            Date of measured performance 
10 December 1992 
Nominal 2200-psi
backpressure

27 December 1992 
Nominal 1800-psi
backpressure

Injection
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)

116.2 (7.33)
3963 (27.32)

113.1 (7.14)
3962 (27.32)

Production
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)
   Temperature, °C

84.6 (5.34)
2201 (15.18)
177.1

90.5 (5.71)
1798 (12.40)
182.8
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Second Steady-State Production Segment:  
February–April 1993
The second period of continuous circulation began February 22, 1993. 
Because the reservoir had been maintained under pressure during the almost 

were rapidly re-established. The only problem encountered during this test 
segment was related to the much greater electric power requirements of the 
REDA pump. The problem was so persistent that in late March the pump 
manufacturer was called in, and the system was shut in for 44 hours while 
larger underground electric cables and auxiliary components were installed. 
The system was then restarted, and operations continued with no further 
technical problems through April 15. During the early stages of this test 
segment, circulation had been maintained about 85% of the time; but after 
the electrical problem was corrected, the system remained on line 100% of 
the time. (It is important to note that there were no problems with the pump 
itself during this entire test period—only with its power supply.) 
 Although continuous circulation under the desired conditions was 
achieved for only 55 days, the second steady-state production segment 
demonstrated that even after many months of intermittent operation, an 
HDR system could be rapidly returned to steady-state conditions—provided 
the reservoir had been kept pressurized. During this segment, much was 

-

supply of electricity to the site. Not only was the reservoir heat-extraction 
loop essentially problem-free, it demonstrated an important capability to 

changes in operating characteristics. It was now clear that the HDR reser-
voir at Fenton Hill was resilient enough to tolerate the kinds of technical 
problems routinely encountered in the operation of a commercial facility. 

production segments of the LTFT are summarized in Table 9-3. The most 

change was in the rate of water loss, which dropped from 12.5 gpm to 

maintained. 
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Table 9-3.
of the LTFT

            Period of measured performance 
21–29 July 1992 
First steady-state  
production segment

12–15 April 1993 
Second steady-state  
production segment

Injection
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)

107.1 (6.76)
3960 (27.29)

103.0 (6.50)
3965 (27.34)

Production
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)
   Temperature, °C

89.7 (5.66)
1401 (9.66)
183

90.5 (5.71)
1400 (9.65)
184

Net water loss*
   Rate, gpm (L/s)
   % of injected rate

12.5 (0.79)
11.7

6.8 (0.43)
6.6

The First Experiment with Cyclic Operation: "Surging"  
the Production Flow
As mentioned above, a number of short, unplanned interruptions of system 

and particularly during the period between them. These interruptions turned 
out to have some value: they were instructive concerning what to expect 
upon restart and prompted the implementation of highly standardized 
restart procedures; they provided opportunities for testing of the automated 
shutdown systems; and they furnished other useful reservoir operating data. 
Certainly, they proved that unanticipated shutdowns could be handled and 
recovered from rapidly. 

with time during the steady-state circulation segments; but immediately 
following each of the unplanned production shut-ins, it jumped back to 
near its original level before again beginning a slow decline. This behavior 
inspired the investigation, in the spring of 1993, of a technique for restoring 
productivity following these long, slow declines. Referred to as "surging," 
it is based on the long-held thesis that cyclic operation—periodically shut-
ting in the production well and then rapidly opening it again—might help 

reservoir. 
 To test this thesis, a 3-day cyclic surging experiment was designed that 
employed brief daily shut-ins of the production well, each followed by a  

April 15–17, 1993, immediately following the second steady-state produc-
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While injection was maintained at a steady rate of 103 gpm (6.5 L/s) and an 
injection pressure of 3960 psi, the production well was shut in for 25 minutes 

measured near the end of each day (following the re-establishment of steady-
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Source: DuTeau, 1993 

 The corresponding increase in power production for the last cycle (over 
that for the previous 48 hours) was 2.6%, as shown in Fig. 9-5. Although 
this trend would no doubt have leveled off over time, the experiment proved 
that brief, regular production wellbore shut-ins can help maintain the 
productivity of an HDR system. (A second surging experiment, essentially 
replicating this one, would be carried out two years later, in June of 1995.) 
 At the end of the three-day surging experiment, both wells were shut in 
and, because of budget constraints, preparations began to return the rental 
pump. Fortuitously, REDA decided that the pump was not needed imme-
diately and offered the HDR Project an extra month of use, rent-free. The 
pump was returned to service at once, to maintain reservoir pressure, while 
an even more important experiment was being designed. 
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The First Load-Following Experiment 
 
 
 

vals was very high, which unnecessarily restricted reservoir productivity.)  

InfoNote
 For an HDR reservoir, "surging" is accomplished by shutting in produc-
tion while continuing injection. The shut-in causes the pressure deep in the 
production well to rise rapidly to the pressure level of the nearby reservoir. 

production wellbore, the pressure in this region rises as well, approaching that 
of the body of the reservoir. This increase in pressure in turn causes additional 

 at high velocity 
through these now hyper-dilated joints, clearing them of accumulated debris 
and modestly increasing steady-state production.
 Surging had been used before at Fenton Hill. For example, following the 
redrilling of EE-3A, it was used to clean out/open up the joint connections to 
the production borehole (see the section on Expt. 2059 in Chapter 6). 
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be carried out two years later, in July 1995, near the end of the third steady-
state production segment. 
 The reservoir operating strategy known as load-following involved 

-
voir would be recharged) during the remainder of the daily operating cycle, 

state rate. The aim was to show that HDR power production could be 
increased temporarily to meet peak-period demand—and that such tempo-
rary increases could be . Load-following was seen as potentially 
having both production and marketing advantages: The enhanced power 
production could be used to meet a portion of the peak-power needs of a 
nearby electric utility, which would provide much higher value power than 
the equivalent baseload production. 

with continuous injection at about 100 gpm. The production-well backpres-
sure was very high (3000–3300 psi) and, maintained for 16 hours, limited 

of surface loop components in the event of very cold weather. At the end of 
the 16-hour period, the backpressure was drastically reduced for 8 hours, 

-
tion, 8 hours at 145 gpm followed by 16 hours at 25 gpm results in a daily 

production rate under "steady-state" conditions. Although this clearly does 
not represent an improvement in overall reservoir performance, the level of 
backpressure selected for this experiment—pressure that would be released 
when the production well was opened—turned out to be excessive. A 

 reduction in backpressure, from a somewhat lower level (and 
for a shorter period of time than 8 hours), appeared to be a better approach 

this mode of operation.
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enhancement observed following over-pressurization of the reservoir during 

Phase I reservoir—see Chapter 4). In both cases, it appears that the some-
what higher pressures within the reservoir released contact points between 
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certain rock blocks, allowing local movement on associated joints and the 

-
tion wellbore; but because the open-hole portion of the wellbore was not 
logged, no information was obtained regarding the source of the additional 

observed when an HDR reservoir is strongly pressure-stimulated.)

at a rate high enough to keep the injection pressure at the standard 3960 psi 
(27.3 MPa). Even with the pump running at its maximum rate of 130 gpm 
(8.2 L/s), the injection pressure reached only 3860 psi (26.6 MPa). Had it 
been possible to maintain the injection pressure at 3960 psi (27.3 MPa), the 

(Typically, the higher the injection pressure, the lower the impedance in the 
body of the reservoir.)
 Following the sudden impedance drop, the system was returned to 
steady-state operation. Injection and production were continuous for the 
next 11 days so that the reservoir's behavior could be observed. Except 
for the lower injection pressure, all control parameters matched those of 
the second steady-state production segment. As shown in Table 9-4, the 

logging to the bottom of the production wellbore casing showed no change 

tapered off from its initial high level but still remained about 30% higher 
than during the second steady-state production segment a few weeks earlier. 

Table 9-4. Operating conditions before and after the sudden impedance drop  
(May 1993)

Second steady-state 
production segment
(April 1993)

After impedance drop
(May 1993)

Injection
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)

103 (6.5)
3960 (27.3)

130 (8.2)
3860 (26.6)*

Production
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)
   Temperature, °C

90 (5.7)
1400 (9.7)
184

124 (7.8)
1400 (9.7)
190
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 On May 17 the wells were shut in and the pump was returned to REDA. 

impedance drop and the cessation of circulation. 
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of May 6, 1993. (The three pressure spikes between May 12 and May 16 
were due to brief shut-ins.) 
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 Note: Impedance reduction had long been a goal of the HDR Project. 

detailed investigation of the large impedance drop at the end of the second 
steady-state production segment. Had it been possible to fully explore this 
singular event, the insights gained might have led to practical impedance-
reduction technologies for commercial HDR systems. But it would be two 

conditions had partially reverted to those obtaining before the impedance 
drop. 
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Extended Period of Minimal Operations: May 1993–May 1995

experiment) and May 10, 1995 saw a shutdown of two full years, during 

long hiatus in the HDR Project was the result of a continued severe lack of 
funding. Figure 9-8 shows the decline in funding for the last 10 years of the 
HDR Project.
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Fig. 9-8. HDR Project funding for the last ten years (1986–1995). 

 Although Los Alamos Project staff saw the choking-off of funding as the 
DOE's attempt to bring an end to the Fenton Hill HDR experiments, they 

very limited budget, they managed to carry out a number of interesting and 
useful experiments during this two-year period (Fig. 9-9).2 
 After the wells had been shut in, the surface throttling valve was activated 

the reservoir pressure was simply left to decay naturally. During this time, 

emanating from the Phase II reservoir, into the Phase I reservoir region via 

2In addition, they even saved enough money to purchase the REDA injection pump 
that the Project so desperately needed!
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was reopened to keep the wellhead from being damaged by freezing. By 
the end of February 1994, the reservoir pressure (as measured at EE-3A) 

path to the surface was once again closed off, for 34 days, so that more 
precise data could be collected. During that period the reservoir pressure 
actually increased slightly, to 687 psi (4.74 MPa), in spite of the fact that 
no water had been injected from the surface—a clear sign that water was 

 On April 6, 1994, the Roto-Jet makeup-water pumps were used to inject 
-

to continuously inject about 19 gpm (1.2 L/s) of water at higher pressures 
than the Roto-Jets could attain, to increase the reservoir pressure further. 
On May 4, after 50.5 hours of pumping and the injection of 56 000 gal. 
(212 000 L) of water, the pressure reached 1088 psi (7.5 MPa). It was 
held at this level until May 23, when continuous pumping was resumed. 
Three days later, after 79 hours of pumping and the injection of 83 500 gal. 
(316 000 L) of water, the pressure reached 1450 psi (10 MPa) and was held 
at this new plateau until June 20. Finally, a further episode of continuous 
pumping—105 000 gal. (398 000 L) of water over 95.5 hours—increased 
the pressure to 1813 psi (12.5 MPa). This level was maintained through 
July 9, when injection had to be stopped because of a pump failure. 
 A rental pump capable of injecting water at a rate of 28 gpm (1.8 L/s), 
but having limited working pressure, was procured shortly thereafter. By 
August 16 the pressure of the reservoir had dropped to 948 psi (6.5 MPa), 
and the next day the new pump was deployed to raise it to 1088 psi 
(7.5 MPa). Then, beginning on August 31 and lasting 36.5 hours, an injec-
tion of 61 820 gal. (234 000 L) at a rate of about 28 gpm succeeded in 
raising the pressure to 1450 psi (10 MPa)—a level that had been reached 

injecting at 19 gpm. Moreover, the 1450-psi reservoir pressure was main-
tained for 41 days (including a 3-day shut-in in late September) simply by 

 On October 12, low-level circulation testing (matched to the injection 
capability of the rental pump) was begun, to evaluate the performance of 

until October 16, with an average production rate of 23.5 gpm (1.5 L/s), 
when inclement weather forced a 29-hour shut-in. During a second test, 
from October 17 to October 21, the average production rate was 21.5 gpm 
(1.4 L/s). During the two tests, injection pressures averaged 2453 and 
2474 psi (16.9 and 17.1 MPa), respectively, and backpressures were main-
tained at 1100 psi (7.6 MPa) and 1200 psi (8.3 MPa), respectively. 
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 The reservoir pressure was then allowed to decline, and the now-

(7 hours) on November 3, the system remained shut in until the morning 
of November 7. Pumping then recommenced with the reservoir pressure 

-
sure to between 1305 and 1450 psi (9 and 10 MPa); periodic injections 

months, until May of 1995. The pumping schedule tended to be erratic 
over this period, partly because of the vagaries of the weather and, later 
on, because a new pump was being brought on line, necessitating some 

Third Steady-State Production Segment (Reservoir 

pressure in the reservoir, full circulation was begun on May 10. This third 

test (RVFT), was designed to (1) verify whether the system could be brought 
back to the operating conditions in effect at the end of the preceding steady-

behavior brought about by the sharp impedance drop of two years earlier 
had persisted through the intervening time period); and (2) collect circula-
tion data that would be important for the industry-led HDR project then 
being envisioned.
 A new REDA pump, similar to the one that had been rented in 1993 
for the second steady-state production segment but with 218 rather than 
200 centrifugal stages, was purchased for the RVFT. To minimize procure-
ment and operating costs, the new pump was powered not electrically but 
by a diesel engine scavenged from one of the defunct reciprocal injection 
pumps. The REDA pump design was remarkable for its simplicity and reli-
ability. Like the rental unit, this new pump was virtually trouble-free, but 
shutdowns were scheduled periodically for oil changes and other routine 
maintenance on the diesel drive.
 Figure 9-10 shows the four operational stages of the RVFT.
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 Over the 35 days of Stage 1, operating conditions essentially identical 

re-established. 
 On June 14, Stage 2 of the RVFT began: the backpressure of the produc-
tion well was increased about 50%, from 1400 to 2200 psi (9.5 to 15.2 MPa), 
replicating the conditions of the backpressure experiment carried out in 
December 1992, during the IFT. The effect was to reduce the circulation 
driving pressure3—the net pressure difference between the injection and 
production surface pressures—by about a third, from 2560 to 1760 psi 

-
tion was only about 10%. From an economic standpoint, it remains to be 
determined whether or not decreasing the driving power required to pump 

investigation of this strategy's potential for increasing the net productivity 
of HDR systems is certainly warranted—particularly considering the 

RVFT are presented in Table 9-5. 

3
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Table 9-5. Reservoir operating conditions during stages 1 and 2 of the RVFT
                                                     Third steady-state production segment (RVFT)

Stage 1
(May 1995)

Stage 2
(June 1995)

Injection
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)

127 (8.0)
3960 (27.3)

120 (7.6)
3960 (27.3)

Production
   Flow rate, gpm (L/s)
   Pressure, psi (MPa)
   Temperature, °C

105 (6.6)
1400 (9.7)
184

94 (5.9)
2200 (15.2)
181

Circulation driving pressure,  
   psi (MPa) 2560 (17.7) 1760 (12.1)

 A comparison of the reservoir operating conditions for Stage 1—the 
re-establishment of steady-state circulation after two years of shut-in—

Table 9-4) is interesting and revealing: following the impedance drop, the 

intermediate between the 90 gpm measured before the impedance drop and 
the 124 gpm after it. In other words, it had fallen, but not back to the level 
seen before the impedance drop. This suggests that the additional (or re- 

extent two years later.
 Another revealing comparison is between Stage 2 of the RVFT, when the 
nominal backpressure was 2200 psi (Table 9-5), and the 2200-psi backpres-

Stage 2 of the RVFT was 11% greater than the 84.6 gpm achieved during 

drop two years earlier. 
 In terms of water loss, the two-year reservoir shut-in at low pressure took 
its toll! Obviously, during stages 1 and 2, the reservoir periphery was being 

production segment (12.5 gpm—see Table 9-3). 

The Second Surging Experiment 
Stage 3 of the RVFT began on June 23: the production well was shut in for 
25 minutes every morning for six days, while all other operating parameters 

experiment carried out two years earlier. The result was also essentially the 
-

on a daily basis can increase the overall production rate slightly.
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The Second Load-Following Experiment

experiment was the second test at Fenton Hill of the load-following 
concept, designed to induce and temporarily sustain a large increase in the 

-
ment with load-following in 1993, it became known as  Load-Following 
Experiment and generated the most important data of the third steady-state 
production segment (Brown, 1996a). 
 Throughout the experiment, the injection pressure was maintained at 
3960 psi (27.3 MPa). Production was once again cyclic: each day, the back-
pressure was maintained at 2200 psi (15.2 MPa) for 20 hours; it was then 
reduced, in a programmed manner, for 4 hours to maintain an increase in 

human control at the outset, but by the third cycle it was fully automated. 
The backpressure was programmed to drop to about 500 psi (3.4 MPa) by 

determined and regulated by the plant's automated control system.) 
 Figure 9-11 presents data from the last two days of the Load-Following 
Experiment, showing (1) that for 4 hours each day, a large and constant 

programmed reduction in the production well backpressure; and (2) that the 

baseline level and the enhanced level achieved through periodic venting of 

power production to match increased utility power demands during high-
use periods. 

A Disastrous Annular Breakthrough at EE-3A
On July 6, near the end of the sixth cycle of the Load-Following Experi-

a rate of 6–7 gpm to about 35 gpm—greatly aggravating the water-handling 
and storage problems at the site. Fluid was more aggressively bypassing the 
cemented-in liner through a high-pressure joint (or joints), connected to the 
annulus  the liner, that had suddenly opened further. This frac-around 
was disastrous. It not only ended the LTFT, but would shortly lead to the 
shutdown of the entire HDR Project.
 An appeal was made to DOE Headquarters to fund a remedial cementing 
operation, which would have involved perforating the 5 1/2-in. liner just 
above the liner cement at 10 950 ft (see Fig. 6-43 in Chapter 6), then 
injecting cement into the annulus and up into the 9 5/8-in. casing to a depth 
of about 9250 ft. But despite the modest cost of such an operation, the 
appeal was denied.
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next week. Reservoir circulation was discontinued on July 14, ending HDR 
operations at Fenton Hill. 

_______________________________

 The RVFT lasted a total of 66 days. During this entire period, there were 
no unintentional shut-ins of production. Some scheduled shut-ins of the 
production well were part of the experimental plan, as were brief (2-hour) 
shutdowns of the injection pump once every two weeks, to change the oil in 
its diesel-powered driver.

Tracer Studies
At various times before, during, and just after the LTFT, tracers were added 
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the injection wellbore. There are, however, a number of factors that could 
potentially interfere with the performance of the tracers—such as chemical 
reactions, thermal degradation, adsorption of the tracer on reservoir rock 
or wellbore surfaces, and recirculation of unrecovered tracer. Despite these 
obstacles, not to mention budget limitations, tracer studies played an impor-
tant role in elucidating the behavior of the HDR reservoir during the LTFT.

detected at part-per-billion levels) was employed the most often. It has the 
added advantages of being cheap, easy to obtain, and generally recognized as 

-
cult to obtain quantitative measurements in very hot geothermal systems. To 
compensate for this disadvantage, at Fenton Hill the more thermally stable 
tracer p-TSA (para-toluene sulfonic acid) was frequently used in conjunction 

 section 
below are drawn from tests that employed both tracers. Other tracers with 
specialized properties were evaluated as part of the HDR Project (Birdsell 
and Robinson, 1989), but funding limitations precluded the use of these 
more exotic tracer materials for reservoir testing during the LTFT. 
 The results of tracer tests are typically evaluated in terms of the following 

open joints within the reservoir are not considered; tracers measure only 

reservoir):

production well, or the time elapsed during circulation of that volume.

the integral of the tracer return curve). Because the point of complete 
tracer recovery must be obtained by extrapolation of the long tail of the 
curve, this volume can only be approximated. 

injection to the point of maximum tracer recovery. This is a more precise 
measurement than the integral mean volume, but it includes only the rela-

and directly.
4. Dispersion Volume: The volume represented by the tracer return curve 
at 75% of its maximum height. Although this point is somewhat arbitrary, 
the volume thus obtained provides a measure of the dispersion of the 

through the reservoir.
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 Each tracer test provides a "snapshot" of the reservoir at the time of 
tracer passage. On the basis of these semi-quantitative data, important 

more valuable when several tests are carried out sequentially and the results 
are combined to obtain a picture of reservoir changes over time (when 
combined in this way, the data are "normalized" to compensate for test-

tests and transit times down and up the wellbores). Such data formed the 
basis for several important conclusions regarding reservoir performance 
during the LTFT. 

The Long-Term Flow Test: Results

The LTFT lasted 39 months, of which more than 27 were downtime—most 
of that accounted for by the two years of noncirculation (1993–1995). In 
all, the system was operated in a circulation mode for only a little over 
11 months. Even so, the results obtained from these limited operations 
achieved the Project's primary goal: to demonstrate the viability of HDR 
technology for reliable and predictable sustained energy production. They 
also provided valuable information with respect to secondary objectives, 
such as maximizing the energy output of an HDR system and understanding 
its performance. 

-
cally maintained at 87–103 gpm (5.5–6.5 L/s)—much lower than the rate 
of 200–250 gpm (12.6–15.8 L/s) recommended after the ICFT; and (2) the 

were not possible during the LTFT without inducing seismicity. And, at that 
point in the HDR Project, further high-pressure reservoir stimulation was 
deemed not to be appropriate. 

Performance of the Surface Plant
The high-pressure piping performed well and showed no problems over 
the course of the LTFT. The expensive gas/particle separator, which could 
remove 130 000 scf (3700 m3) per day of gas and 170 lb/h (77 kg/h) of 
solids, was never taxed to anywhere near its capacity, and from an engi-
neering standpoint, proved not to be necessary. Dissolved gases (mainly 

about 3000 ppm, but at the typical operating pressures of 300–600 psi 
(2–4 MPa) in the production part of the surface loop, these gases stayed in 
solution. Very little solid material was brought up the production wellbore 
during steady-state operations (in fact, the solids removed over the entire 
test period, in both the strainers and the separator, could be measured in 
ounces rather than pounds). 
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 The makeup-water pumps' electronic duplex logic circuit caused several 
shutdowns. Shortly after the LTFT was initiated, the electronic controls were 

shutting down the units. Although hydraulically and mechanically the pumps 
worked satisfactorily, erosion of pump components proved to be a problem 
over the term of the LTFT. Because the Roto-Jets used to supply the makeup 
water were expensive to maintain, our experience indicates that a smaller 
version of the high-pressure REDA injection pump might provide a more 
practical method for injecting makeup water into the loop under pressure.
 Finally, the failure of both the 5-cylinder reciprocating pumps early in 
the LTFT was a major setback, compounded by the fact that the only substi-
tute reciprocating pumps that were immediately available were inadequate. 
However, the performance of the REDA centrifugal pumps—one rented for 
the IFT and the second steady-state segment, and the other purchased for 
the third steady-state segment—was fully satisfactory. All other compo-
nents of the surface plant operated as anticipated. The automated control 
system permitted the plant to be operated routinely with no personnel on 
site, and all safety, standby, and automatic shutdown systems functioned 
reliably and effectively. 

Steady-State Production
As described above, the Phase II HDR reservoir was tested under operating 
conditions simulating those of a commercial HDR plant, albeit at a power 
output lower than desirable. 

(Table 9-3) and for Stage 1 of the RVFT (Table 9-5), all under similar oper-
ating conditions, show that over a span of about three years the production 

(May 1993). These results provide the basis for the most important conclu-
sion drawn from the LTFT, namely:

declines in productivity and no thermal drawdown was observed at the 

the end of circulation testing in 1995, could have continued to perform for 
years—perhaps even decades—into the future.
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Production Well Backpressure Experiments

out during the IFT (data shown in Table 9-2). Figure 9-12 plots the produc-

only three data points were obtained, it appears that changes in imposed 
backpressure in the 1400- to 2200-psi (9.7- to 15.2-MPa) range affected the 

represents the optimal backpressure range for operation of the Phase II 
reservoir at Fenton Hill.
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 The importance of controlling the backpressure on the production well, to 

joints, partially counteracting the joint-closure stress in the region of the 
-

bore. In contrast, if the reservoir is produced at low backpressure (just high 

near the production borehole.
 For an optimum production rate, then, the 
by increasing the backpressure must be balanced against the in 

-
tions to the borehole production interval, which reduces the near-wellbore 
outlet impedance. 

Load-Following Revisited
The information in this section was drawn mainly from Brown, 1996a. 

performance of the Phase II reservoir, the most important component of the 
LTFT was the pair of cyclic (i.e., non-steady-state) load-following experi-

demonstrating irrefutably that HDR power is dispatchable in direct response 
to varying demand! 
 During the last cycle of the 1995 Load-Following Experiment, mean 
enhanced production was 146.6 gpm at 189°C for 4 hours, followed 
by 20 hours of baseload production averaging 92.4 gpm at 183°C (see 

59% and a produced power increase of 65%. The time required for the 
power output to rise from the previous baseload condition to the peaking 
rate was about 2 minutes. 
 In other words, even though the operating conditions of this second 

 
65%—was achieved for a period of 4 hours each day, through a programmed 
decrease in the production well backpressure (from 2200 psi down to 
500 psi, as shown in Fig. 9-11). This temporary decrease resulted in the 

near the deep production interval in EE-2A. Then, over the next 20 (off-

case of an HDR system associated with an electric generating plant and 
-

tion amounts to a form of .
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Table 9-6. The Load-Following Experiment, last cycle
Enhanced 
production
(average over 
4 hours) 

Baseload 
production
(average over 
20 hours)

Overall
production
(average over 
24 hours)

129.3 129.6 129.6

Production
   Flow rate, gpm 
   Temperature, °C
   Thermal power, MW 

146.6
188.7
6.12

92.4
182.9
3.72

101.6
183.9
4.11

Following Experiment, 101.6 gpm, represents an increase of 8% over the 

of 2200 psi—see Table 9-5). This translates to an equivalent overall power 
increase of 8% (uncorrected for the accompanying temperature increase, 
which would make it even larger). Viewed from another standpoint, the 
power levels shown in Table 9-6 imply a 10% gain over the 20-hour base-

 The results of the Load-Following Experiment provide just one example 

from HDR systems on a sustained basis, through the application of novel 
production strategies. 

Reservoir Engineering Studies 

Water Loss 

production segments of the LTFT (the principal data for these production 
segments are given above, in Table 9-3). Because those segments were 
separated only by the fairly brief IFT, this pattern of water loss is consid-
ered to be more representative of reservoir behavior than that seen during 
the third steady-state segment, or RVFT. Because the RVFT followed two 
years of reservoir shut-in, during which reservoir pressures declined to very 
low levels (similar to those observed before the start of previous circula-
tions), water losses during the RVFT are not indicative of long-term system 

reservoir pressurization studies, namely, that under conditions of constant 
pressure the water-loss rate declines with time. 
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-
voir pressure and the time that the pressure has been maintained, rather 

smallest during the second steady-state production segment, after the reser-
voir had been maintained at high pressure for well over a year. Presumably, 
under constant pressure conditions, water from the high-pressure reservoir 
diffuses at a decreasing rate into the lower-pressure rock mass beyond the 
pressure-stimulated reservoir region. Experience at Fenton Hill not only 
supports such an assertion, but shows that the pressure diffusion rate is 

be reasonable to expect that, in a commercial reservoir maintained at high 
pressures over a period of several years, the water-loss rate would decline to 
a very low level.
 The extended period of minimal operations (May 1993–May 1995), when 
injection was suspended and the reservoir pressure was allowed to drop 
to just 685 psi (4.72 MPa), provides evidence of the fate of "lost" water. 
Pressure declines during that two-year period were attributed primarily to 
the frac-around of the scab liner in EE-3A (via joints intersecting the un- 
cemented portion of the wellbore above the liner) and subsequent venting 

the sealed rock mass at the periphery of the reservoir. The 34-day closure of 
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reservoir pressure (from 685 to 687 psi [4.72 to 4.74 MPa]). This increase 

mass, which would have become overpressured with respect to the reservoir 
as the reservoir was being slowly vented. 
 The pressure increase took place in spite of the fact that water was being 

in liner into the low-pressure joint intersecting the EE-3A borehole at 
10 260 ft. Recharge of the Phase I reservoir via this path had been suspected 
years earlier, in the spring of 1985, when one of the Phase I wellbores began 

wellbores (see Chapter 6, Fig. 6-43 and the section 
, for supporting information on this joint connection). 

The volume of water possibly shunted to the Phase I reservoir was esti-
mated at 50 000–100 000 gal. (200 000–400 000 L). During the 34 days of 
slowly rising reservoir pressure, the shut-in annulus pressure rose to 250 psi 
(1.7 MPa). 
 Of the several experiments conducted during the two-year extended 

loss. At the end of August 1994, when the reservoir pressure was raised 
-

tained that level of pressure for 38 days (including a 3-day shut-in in late 
September). Typically, about 5800 gal. (22 000 L) of water was injected 
per day, of which some 4000 gal. (15 000 L) returned to the surface via the 

thus on the order of 1800 gal./day (7000 L/day), or (0.08 L/s) at 
the 1450-psi (10-MPa) pressurization level. This was the smallest value yet 
recorded for the Phase II reservoir. 
 The second experiment began in November 1994. The pressure of the 
reservoir was again raised to and maintained in the 1300- to 1450-psi (9- to 
10-MPa) range (this time with more erratic pumping, owing to the weather 
and construction activities at the site). Nonetheless, by early May 1995—
after about 6 months on this intermittent schedule—the water-loss rate to the 

(0.06 L/s). 
 Taken as a whole, the studies of water loss at Fenton Hill demonstrated 
that water use should not be a concern in HDR systems. In tight HDR 
reservoirs, water loss will continue to decline—and at a steadily decreasing 
rate—as the pressure in the surrounding rock mass approaches the pres-

 Water loss in pressure-stimulated hydrothermal systems (sometimes 
referred to as hot wet rock, or HWR, reservoirs) has been widely studied in 
other countries and has been found to be much greater than at Fenton Hill. 
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At the Soultz HWR site in France, for example, a downhole pump was 
employed to pull water from the reservoir into the production well and 
thereby mitigate the water loss problem. Table 9-7 shows water loss from 

4 

Table 9-7. 

Location Type of reservoir
Injection pressure, 
psi (MPa)

Water loss
(%)

Ogachi
(Yamamoto et al., 1997)

970 (178) 78

Rosemanowes
(Richards et al.,1994)

1710 (11. 8) 45

Fenton Hill
(Brown, 1994a)

3960 (27.3) 7

Impedance Distribution Across the Reservoir
Although the large impedance drop observed at the end of the second 
steady-state segment of the LTFT was unplanned, and the reasons for it are 
not well understood, important information about the impedance distribu-
tion within the Fenton Hill HDR reservoir was coming from other, inci-
dental LTFT operations. As depicted in Fig. 9-14, within a few minutes of 
shutdown of the HDR system, a large rise in pressure was measured at the 
production well and a small decline in pressure was measured at the injec-
tion well. This initial behavior was followed by a period during which these 
pressure increases and decreases continued, but at a much slower rate, as 
the system crept toward pressure uniformity. This behavior implies that the 

distributed uniformly across the reservoir. As discussed in more detail in 
the section of this chapter, this nonuniform impedance 
distribution means that it may be possible to construct larger HDR reser-
voirs, with much more widely separated wellbores, without proportionately 

Reservoir Joint Opening/Closing Pressures 
The extended period of minimal operations (May 1993–May 1995), which 
followed the second steady-state production segment, provided a unique 
opportunity to observe the natural pressure decline of the dilated Phase II 
reservoir. As shown in Fig. 9-15, over the 135 days immediately following 
cessation of circulation, the pressure declined from 3400 psi (23.4 MPa) to 
1250 psi (8.6 MPa) as stored water continued to vent to the surface via the 

4The source for this table is  (August–October 1999). This entire 
special issue of the journal, entitled "Hot Dry Rock and Hot Wet Rock Academic 
Review," was devoted to these geothermal systems.
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frac-around of the scab liner in the injection wellbore (with minor diffu-
sion into lower-pressure regions beyond the periphery of the reservoir). The 
pressure decline followed the expected course, with the exception of two 
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joint set) and afterwards resumed its decline. (The pressure decline was 
being controlled by the near-constant reservoir vent rate, which was in turn 

liner deep in EE-3A.) This pressure behavior may be better understood by 
picturing  of the reservoir at a slow, but constant, rate of injection: 

5 

The Dominance of the Joints in Controlling  
HDR Reservoir Behavior

testing of the Phase II reservoir, the interactions between the joints within 
the pressure-stimulated region control the deformational behavior of an 

how the joints interact under pressurization—not the characteristics of the 
matrix rock—controls the deformation of the basement rock. The Young's 
Modulus, Poisson's ratio, and compressive strength of the rocks making 

behavior only marginally. For this reason, laboratory studies on rock cores 
(or blocks) are of very little use.

Temperature Data: Production Well 

shown by the data in Tables 9-3 and 9-5. Even the minor temperature differ-
ences measured during the Load-Following Experiment (see, for example, 
Table 9-6) can be attributed to variations in the cooling effect of the produc-

shorter transit times would result in higher production temperatures at the 
surface. Thus, the higher temperature shown in Table 9-6 (188.7°C) was 

-
tion rates reached 146.6 gpm (9.25 L/s), whereas the lower temperature 

 In addition to the surface temperature measurements, logging was done 
periodically within the production wellbore to determine the temperature of 

the LTFT are presented graphically in Fig. 9-16.

5This joint-closing behavior had been observed previously during the testing of the 

10.3 MPa (1490 psi), as described in Brown, 1989b. 
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circulation, 1992–1993. 
Sources: HDR, 1993; HDR, 1995 
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LTFT fall just about on top of each other. The logs taken during the IFT, 

log of September 29, at 10 400 ft, gave a mixed-mean temperature (average 
-

tially identical to the wireline steady-state log of July 16, even though the 

92 gpm). In other words, there appears to have been virtually no decrease in 
reservoir temperature over the 10-week interval between the logs. 
 The log of May 11, 1993 (Fig. 9-16b) was taken during the episode of 

at depth very close to those measured by the other logs represented in 
Fig. 9-16a and b—including that from the second steady-state production 
segment (March 16, 1993) just two months earlier. The log also shows that 

the wellbore following the sharp drop in impedance.
 On several occasions, temperature logs were also taken in the open-
hole portion of the production wellbore. Table 9-8 shows the temperatures 

Table 9-8. 
production wellbore (EE-2A), July 1992–July 1995 (°C) 

Fluid-entry  
points 

16 July 
1992

29 September 
1992

16 March  
1993

22 June  
1995 
(corrected)

12 July  
1995

Point A 
11 840 ft
(3608 m)

Point B 
11 320 ft 
(3450 m)

Point C 
10 990 ft 
(3350 m)

Point D 
10 750 ft 
(3277 m)

234.5

233.4

232.0

228.2

233.9

232.9

231.7

228.1

231.5

232.4

231.5

227.8

229.7

230.6

230.0

227.3

227.3

229.2

228.7

226.4
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-
ture (about 7.2°C) at the deepest point, A, but a much smaller decline (less 
than 2°C) at the shallowest point, D, over the three years. It is important to 
remember that the time covered by these measurements included long periods 

during high-production periods. 

from the log of July 16, 1992, are presented graphically in Fig. 9-17.
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Fig. 9-17. 
production wellbore (EE-2A), July 16, 1992.
Source: Brown, 1994b 

two logs done during periods of no circulation. Because these temperatures 
were measured under conditions of thermal recovery—static rather than 

temperature log was taken in the production wellbore on October 18, 1995, 
several months after termination of the LTFT. It indicated that following 
cessation of production, temperatures in the portion of the wellbore above 
the production zone had decreased toward the pre-existing geothermal 

were less abrupt than those shown in Fig. 9-17, suggesting that after the 
several months of shut-in, thermally driven natural convection within the 
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Fig. 9-18.
(October 12, 1993). 
Source: HDR Project data archives (Technical Status Report, October 1993) 

Temperature Logging: Injection Well 
Opportunities to assess the temperature within the injection wellbore were 
limited, because it was typically kept under very high pressure during 

December 10, 1993, during the extended period of minimal operations that 
followed the second steady-state segment (Fig. 9-19); these data elucidate 

the cessation of circulation, which allowed the reservoir pressure to decline 

equipment already on hand could be used, avoiding the additional cost of a 
commercial survey done with a high-pressure, grease-injector control head 
and lubricator; and second, the tension in the injection wellbore tie-back 
string had time to relax, reducing the risk of well damage (which is inherent 
in any logging operation). 
 These temperature data essentially replicate those obtained in the injec-
tion well following the ICFT in 1986 (shown—with much greater detail 
in the curve—in the June 23 survey of Fig. 7-10). Clearly evident are the 

major portion of the injected water exited the wellbore near the bottom 
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region into the body of the reservoir cannot be ascertained. Figure 9-19 also 

behind the liner and tie-back string (to a depth of about 10 500 ft) paralleled 
the geotherm of the reservoir rock as it recovered from the radial cooling 
induced by the long period of cold-water injection during the second steady-
state production segment.
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Fig. 9-19. 
(December 10, 1993).
Source: Duchane, 1995a

Postulated Reservoir Segmentation and Connections  
to the Phase I Reservoir 
The entire question of the segmentation of the Phase II reservoir was based 
on the observance of different pressure responses at EE-3A and EE-2A. 
This question and the related question of the apparent connections to the 
Phase I reservoir are answered by one simple scenario, shown in Fig. 6-43 of 
Chapter 6. The annulus above the scab liner in EE-3A was connected both to 
the Phase II reservoir (via the frac-around of the liner) and to the Phase I reser-
voir (via the low-pressure joint that also intersected this annulus). It was the 
breakthrough on July 6, 1995 that created a more direct connection between 
the two reservoirs. In other words, the Phase II reservoir was not segmented. 
 In the summer of 1995, additional evidence from post-LTFT temperature 
logs spurred further testing (even though it was essentially redundant) of 
the EE-3A frac-around. At the end of July the shut-in reservoir pressure, as 
measured at the production wellhead, stood at 2161 psi (14.9 MPa). During 

shut in and vented. The reservoir pressure continued to decline, reaching a 
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level of 1160 psi (8.0 MPa) by September 4 and about 812 psi (5.6 MPa) 
by the end of September. During these operations, the annulus pressure 
measured at EE-3A did not approach the reservoir pressure as measured 
at EE-2A—clearly showing that the pressure of the reservoir was only 
marginally related to the pressure of the deep ANNULUS (see Fig. 6-43).

Tracer and Geochemical Studies 
The information in this section is drawn primarily from Birdsell and 
Robinson, 1988b, Rodrigues et al., 1993, and Callahan, 1996 (a more 

-
tions), as well as HDR Geothermal Energy Development Program monthly 
and annual reports, 1992–1995. (See also  in the section 

, above.) 

Reservoir Fluid Pathways

and during the brief steady-state period that followed the impedance drop in 

arrival of the tracer at the production well is a clear indication that as time went 

shapes of the 1993 curves generally indicate that the modal and dispersion 
volumes were growing. (It is not possible to ascertain changes in the integral 
mean volume simply from casual observation of the curves.) These data leave 
no doubt that the HDR reservoir at Fenton Hill was a dynamic entity—i.e., 
that under conditions of steady-state circulation, the volume of hot reservoir 

good portent for future HDR power production! 

information about the nature of changes in the reservoir between May and 
July of 1992 (assuming no chemical degradation of the p-TSA). During that 
period, the integral mean volume of the reservoir increased by about 520 m3 
and water losses were some 3400 m3 (Rodrigues et al., 1993). The tracer 
data suggest that about 15% of these "losses" (520 divided by 3400) actually 

carrying joints. Rough calculations of rock contraction caused by the cooling 
3 of the growth in 

integral mean volume, implying that the remaining 330 m3

openings. The other 85% of the water losses may be explained by pressure 
diffusion into the rock matrix beyond the periphery of the pressure-stimulated 
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 Table 9-9 shows the operating parameters under which tracer testing 
was done. As noted earlier, the parameters during the second steady-state 

segment, whereas later experiments, including the third steady-state 
segment, involved several variations. Reservoir volume information 
based on the data from these tracer tests are presented in Table 9-10.

Table 9-9. Operating parameters during various tracer tests of the LTFT

Date of test

Average injection 
pressure, psi 
(MPa)

Average 

rate, gpm (L/s)

Average 
backpressure, 
psi (MPa) 

Average water-
loss rate, gpm 
(L/s)

18 May 1992  
(First steady-
state production 
segment)

3883
(26.8)

98.44
(6.2)

1408
(9.7)

13.47
(0.85) 

12 April 1993 
(Second steady-
state production 
segment)

3968
(27.4)

90.67
(5.7)

1408 
(9.7)

7.45
(0.47)

15 May 1993 
(Steady-state 
following 
impedance drop)

3854
(26.6)

122.06
(7.7)

1408 
(9.7)

-3.96*
(-0.25) 

6 June 1995 
(Third steady-
state production 
segment, Stage 1)

3968
(27.4)

104.94
(6.6)

1408 
(9.7)

17.91*
(1.13)

11 July 1995 
(Steady-state, after 
Load-Following 
Experiment)

3968
(27.4)

93.05
(5.9)

2205
(15.2)

8.24
(0.52)

Based on Callahan, 1996 
* Water-loss data were irrelevant during these test segments.
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Table 9-10. Reservoir volumes* based on tracer tests conducted during various 
LTFT experiments 

Date of test

Modal volume 
(m3)

Dispersion 
volume (m3)

Integral mean 
volume (m3)

First-arrival 
volume (m3)

Fluor-
escein p-TSA p-TSA

Fluor-
escein p-TSA p-TSA

18 May 1992  
(First steady-state 
production segment)

277 277 320 n.d. 2246 79

12 April 1993 (Second 
steady-state production 
segment)

477 511 658 6579 2034 124

15 May 1993  
(Steady-state following 
impedance drop)

314 n.d. 358** 3558 n.d. 105**

6 June 1995  
(Third steady-state 
production segment )

496 389 610 6565 1789 88

11 July 1995 (Steady-
state after Load-
Following Experiment) 

478 357 743 8376 1630 111

Based on Callahan, 1996
n.d. = no data collected
*See  in the section  for a 
discussion of the volume terms in this table.
**

 The variability in operating conditions makes comparisons of the 

continued to increase through the end of the second steady-state produc-
tion segment, even though the integral mean volume actually decreased 

7 months of the IFT (August 1992–February 1993) led to relaxation and 

from that period (September 1992), when the reservoir was being circu-
lated intermittently, gave an integral mean volume of about 72 000 ft3 
(2044 m3) (Rodrigues et al., 1993, Table II). This contraction from earlier 
larger volumes was attributed at the time to the lower operating pressures 

 The tracer data of Table 9-10 clearly show the effects of the sudden 

traveling much faster through the reservoir. Apparently, the newly opened 

tracer measurements. 
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changes took place in the reservoir over the two years of noncircula-
tion (May 1993 to May 1995). Tracer data from 1995, however, showed 

since May of 1993, as well as a resumption of the increasing trend of the 

during the impedance drop of May 1993 had begun to close off again. In 
other words, it appears that the reversal in these trends effected by the drop 

 At the time of the July 1995 tracer test, the reservoir was being operated 
in a load-following mode and the backpressure at the production well was 
higher than in early June. The modal and integral mean volumes (except 

from the June test readings, probably as a result of the changes in operating 
conditions. Those changes make comparisons with tracer data from earlier 
periods somewhat ambiguous; but the 1995 data, like that from 1992–1993, 
show an increase in the dispersion volume with time, indicating the devel-

Tracer Data as an Indicator of Reservoir Temperature Trends 
Figure 9-22 compares the June 1995 cumulative return curves for p-TSA 
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 Note that whereas the two tests are almost identical with respect to return 
-

during the July test implies that the average temperatures encountered by 
the tracers as they traversed the reservoir were higher than a month earlier. 

in an HDR reservoir continues, access to hot rock improves. 

Geochemical Analyses and the Fresh-Water Flush 

entire term of the LTFT. As shown in Table 9-11, the concentrations of 

the sudden impedance drop of May 1993. Far less than a kilogram of 
suspended solids was collected on the 50-μm strainers installed at the outlet 
of the production well; and the water was not particularly high in dissolved 
solids, being about a tenth as saline as seawater—a result that mirrors the 

arsenic, were high enough to make the recirculated water nonpotable. 

Table 9-11. Concentrations of dissolved species in produced water during the 
LTFT (ppm)

Species

First steady-state 
production segment 

Second steady-
state production 
segment

RVFT 
Stage 1

RVFT Stage 4 
(Load-Following  
Experiment)

April 1992 July 1992 March 1993 May 1995 July 1995 
Chloride 1220 953 1002 890 1160
Sodium 1100 900 899 839 1020
Bicarbonate 552 588 556 469 505
Silicate 
(as SiO2) 458 424 402 419 445
Sulfate 285 378 342 328 385
Potassium 95 89 91 90 94
Boron 47 35 34 30 39
Calcium 19 18 17 13 15
Lithium 19 16 15 15 17
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Table 9-11. (Continued)

Species

First steady-state 
production segment 

Second steady-
state production 
segment

RVFT 
Stage 1

RVFT Stage 4 
(Load-Following  
Experiment)

April 1992 July 1992 March 1993 May 1993 July 1995 
Fluoride 14 17 13 15 15
Bromide 6.5 5 5.1 4.6 6.8
Arsenic 3.8 7.2 3.5 3.0 4.0
Iron 1.0 0.8 0.3 0.3 0.2
Aluminum 0.9 1.2 0.8 0.8 0.9
Ammonium 0.8 1.1 1.3 1.0 0.4
Strontium 0.8 0.8 0.8 0.6 0.8
Barium 0.2 0.2 0.2 0.1 0.1
Magnesium 0.2 0.1 --- --- 0.1
Total dissolved
solids 3845 3434 3387 3118 3713

 Levels of dissolved gases were consistently below 3000 ppm, with 

was present only in small amounts (typically less than 1 ppm). During 
closed-loop circulation, the pressure was high enough, even in the produc-
tion side of the loop, to keep the small amounts of dissolved gases in solu-
tion so that they were not removed by the gas/particle separator. Like the 
dissolved solids, the gases appeared to quickly reach an equilibrium level in 

second steady-state production segments), the water that had been recircu-
lated repeatedly through the reservoir was replaced with fresh water. This 

water replacing it, or those in both (by comparison of the concentrations) 
serve as tracers. 
 Table 9-12 shows the concentrations of major dissolved species in the 

that except for calcium and magnesium, these concentrations were much 

production segment (Table 9-11). However, three weeks later the concen-
trations of individual species had recovered to levels similar to those seen 
during all other periods of closed-loop circulation.
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Table 9-12. Concentrations of dissolved species during and following the 
FWF (ppm)

Species 
Injected fresh water
(2 September 1992) 8 September 1992 28 September 1992

Chloride 101 615 1109
Sodium 54 569 935
Bicarbonate 259 430 419
Silicate (as SiO2) 81 396 451
Sulfate 21 235 361
Potassium 10 53 94
Boron 1.9 18 40
Calcium 89 9.3 18
Lithium 0.7 8.7 16
Fluoride 0.5 15 14
Bromide 0.6 3.2 5.6
Arsenic 2.7 3.4
Iron 0.5 0.3 0.5
Aluminum 0.2 1.3 0.6
Ammonium 0.1 1.1 1.3
Strontium 0.3 0.4 0.7
Barium 0.1 0.1 0.2
Magnesium 8.6 0.1
Total dissolved
solids 633 2358 3471

 The FWF led to a number of insights. The mixing of fresh water into the 
-

tions of total dissolved solids and, proportionately, the concentrations of 
most individual species. Such a reduction was observed for most of the ions 
(sodium and chloride are good examples); but it did not take place as fast as 
tracer studies had indicated it should if mixing were the only mechanism at 
work. In addition, the decline in concentration of silicate was much smaller 
than expected, compared with the declines in total dissolved solids. Finally, 
the concentrations of calcium and magnesium did not show the increases 
expected, considering their higher concentrations in the fresh water. These 
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 Figure 9-23 shows the normalized concentration-decline curves of boron, 

compared with those anticipated (on the basis of a decline curve derived 
from p-TSA tracer data). 
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Fig. 9-23. Normalized concentration-decline curves for bromide, chloride, 
and boron during the FWF compared with a decline curve derived from 
p-TSA tracer data.
Source: Rodrigues et al., 1993 

 All three ions show smaller-than-anticipated declines, indicating a source 

there are no minerals in the rock that could be the source for these species. 

samples taken during development of the HDR system, are shown in the 
second column of the table. The numbers in the third column, obtained by 
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Table 9-13.

Species

Concentrations of 

produced water (ppm)
Ion concentrations in 

produced water (%)
Boron 12 178 7
Bromide 1.5 42 4
Chloride 274 5870 5

 The concentrations of most of the other dissolved species also showed 
smaller-than-anticipated declines, but these are not so readily attributed 

may have sources in the reservoir rock. Silicate, which shows only a 
marginal decline in concentration, might be rapidly dissolved from quartz 
at temperatures existing within the Phase II reservoir. If the dissolution rate 
is fast enough, an equilibrium level of silicate (400–450 ppm) could even 

-
trations actually increased slightly during the FWF; although still not 

being dissolved from minerals present in the reservoir rock. 
 The behavior of calcium and magnesium is perhaps the most fascinating. 
Although present in the fresh water at greater concentrations than in the 

the reservoir water contained higher levels of dissolved carbon dioxide than 
did the fresh water. Mixing of the two would have rapidly precipitated most 
of the injected calcium and magnesium ions—the most probable explana-
tion for their low levels in the produced water. 
 The results from the FWF—particularly those for calcium and magne-
sium—must be taken in context. It should be remembered that an HDR 
system will invariably be operated in a pressurized, closed-loop fashion, 

analyses at Fenton Hill have shown that dissolved gases and solids in the 

-

minimizes corrosion of the piping and casing in the pressurized sections of 
the system. 
 Ninety-two hours into the FWF, the injection pump unexpectedly failed. 
The automated control system then implemented a partial shut-in of the 
production wellhead, thereby increasing the backpressure and reducing 
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-
ance (see Fig. 9-24), which presented an opportunity for some unique 
measurements. 
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Fig. 9-24. Production well backpressure and calculated impedance over the 
course of the FWF.
Source: Rodrigues et al., 1993

 Measurements of the changes in backpressure imposed by the automatic 
control system during this episode show a remarkable synchrony with 

six numbered points of the pressure curve closely mirror those of the conduc-
tivity curve—the rises in pressure bringing about decreases in conductivity 
until a subsequent decrease in pressure returned conductivity to its previous 

joints near the production wellbore to open, and over a period of several 
hours surges of fresher water entered the wellbore. These slugs of water 
began traveling upward, and when each reached the surface it was detected 
by the system's conductivity meter (the fresher water perhaps contained less 

its rapid escape from the body of the reservoir).
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 The time between each pressure change and its detection at the surface 

of water up the production wellbore.
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Fig. 9-25. 
changes in backpressure during the partial shut-in episode of the FWF. 
Source: Rodrigues et al., 1993

-

of the fresh-water surges by time of origin and transit time. Because transit 

several times as the system was partially throttled and then reopened—the 
transit times of the six slugs of water (the six points in Fig. 9-25) ranged from 

the two uppermost joints—which suggests either (1) that these joints were 
preferentially opened as a result of the partial wellbore shut-in, or (2) that 
by the time of the shut-in, the fresh water had reached the outlets of the 
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 In sum, the results of the LTFT tracer tests and geochemical analyses, 
including the FWF, lead to the following conclusions:

probably owing to localized cooling of joint pathways and consequent 

within the reservoir and causes previously closed joints to open.

accessing new, hot rock. Additional evidence for this process comes 

source) even after many months of circulation. This phenomenon has the 
important effect of extending the useful lifetime of the resource. 
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following experiment (May 1993) involved the opening of one or more 
important new (and shorter) pathways through the reservoir. It demon-
strated that manipulations of the pressure applied to the reservoir may, 

within the reservoir. The lesson is not only that operating strategies must 
be carefully designed and closely monitored, but that the reservoir can 
actually be "adjusted" through intentional application of pressure.
4. The geochemistry of the circulating water rapidly reaches an equilib-

Fenton Hill, the water can be expected to have total salinity levels well 
below that of seawater and therefore to be relatively noncorrosive.

within the Phase II reservoir at Fenton Hill.

Seismicity During the LTFT
A major goal of the LTFT was to assess the performance of the Fenton Hill 
HDR system under conditions of maximum reservoir stability. For that 
reason, the LTFT was operated at injection pressures just below the antici-
pated threshold of seismic stimulation. Some seismic activity was observed, 
however, during the IFT—when the reservoir was maintained at a high 
level of pressurization but circulation was conducted only on an intermittent 

very early on December 24, 1992, and 48 additional events were recorded 
through the end of May 1993. The correlations between these events and the 
surface pressures during this period are represented in Fig. 9-27.
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Source: HDR, 1995 

rium. In reservoirs created in hard crystalline rock, such as the ones at 
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 It appears that, in general, seismic events occurred at times when surface 
production pressures were high—which correspond to periods when the 
system was shut in for one reason or another, and the reservoir (in the 
absence of an imposed pressure gradient between the injection and produc-
tion wellbores) was equilibrating to a uniform pressure.
 The locations of 31 of the 49 seismic events recorded during the IFT were 
reliably determined; all were found to have occurred at shallower depths 
and farther to the north than the large number of seismic events associated 
with the MHF Test of 1984 (which created the reservoir). But their locations 
did correlate closely with the seismicity observed during shut-in periods of 
the ICFT in 1986 (see Chapter 7). The ICFT seismic events were thought to 
possibly have been caused by "increased pressures in the production side of 
the reservoir after shut-in" (Dash et al., 1989). It is interesting to note that 

reservoir impedance in early May 1993, when the operating mode involved 
periodic shut-ins of the production wellbore.
 In summary, aseismic conditions were the rule during the LTFT. The 

number of seismic events, and the lack of a strong and consistent correla-
tion between those events and imposed conditions imply that the observed 
seismicity was related to some long-term relaxation of the stresses created 
within the reservoir (or, perhaps more likely, near its boundaries) by the 

Reservoir Modeling Related to the LTFT
Reservoir modeling is essential to the successful operation of an HDR 
geothermal system; by predicting performance under various operational 
scenarios, modeling enables the system to be managed in a way that will 
maximize its productivity, useful lifetime, and economic return. 
 The results obtained from any model are, of course, only as valid as the 

rate and production temperature) and on parameters that are not directly 

Parameters in the latter category are extremely important but poorly 
understood; in some cases, modeling results obtained by different methods 

data. For example, calculation of the effective heat-transfer volume of the 
Phase II reservoir on the basis of purely geometric considerations yields a 
value of about 5 million m3 3 if the 
volume is calculated on the basis of hydraulic considerations; 22 million m3 
when tracer data is the basis; and 28 million m3 when a very conservative 
measurement of the geometric spread of seismic events observed during 
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reservoir creation is the basis. The ability to match modeled results to 
experimentally measured results (validating the model), then, increases the 

the credibility of modeled results as a predictor of the future behavior of an 
HDR reservoir. 

Early Models 
A predictive model known as the Finite Element Heat and Mass (FEHM) 

was used to estimate temperature decline in the Phase II reservoir (as 
a starting point for modeling the behavior of the HDR system during the 
LTFT). Using an assumed reservoir volume of 16 million m3, the FEHM 
model predicted a temperature decline of about 10°C over a span of 5 years, 

-

relatively small number of interconnected open joints, a model designed for 

 Two models more relevant to HDR systems are the Los Alamos HDR 
Heat Model and the Stanford Geothermal Program (SGP) Model. The 
models are similar in that both are based on one-dimensional, heat-sweep 

spacing as the primary input variables. But they differ with respect to calcu-
lation methods and in that the Los Alamos model uses tracer-based data as 

carried out experimental runs of both models in an attempt to predict the 
thermal performance of the Phase II HDR reservoir under the projected 

-
mately 125 gpm, a decline in the temperature of the reservoir from 240°C 
to 210°C would take—depending on the model and on the initial assump-
tions—from just over 6 to nearly 11 years. In other words, both models 
predicted no discernible (judged to be at least 10°C) thermal drawdown 
over the anticipated two-year span of the LTFT. 
 The results of these early modeling efforts were encouraging, because 
all three models predicted that an LTFT lasting two years would not tax 

-

for HDR systems. But the results also indicated, disappointingly, that the 
duration of the LTFT would be too short to provide the insights into the 
nature of HDR reservoirs that can be obtained with certainty only through 
observance of the onset of thermal decline. 

the LTFT, the SGP model was once again applied to the Fenton Hill system 

by the end of the second steady-state segment, only about 6% of the avail-
able heat had been removed from the Phase II HDR reservoir. 
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The GEOCRACK Model

-

 
pressurized, jointed reservoir. Joints and rock blocks are modeled through 

-

for the subsequent joint-opening calculation, and vice versa. The process is 
repeated until the two solutions converge. 

-

-
ness, elastic and thermal deformation of the rock blocks, and temperature-

boundary conditions: displacements and surface tractions.

diffusion beyond the boundaries of the pressure-stimulated reservoir; and 
incorporating heat-transfer equations not originally included. By the end 

including transient behavior and tracer responses. It could also provide 
information about the anticipated thermal performance of the reservoir over 
the longer term under a variety of operational conditions. 

was used to simulate a proposed cyclic circulation study that entailed 
holding the backpressure of the production well at 2200 psi (15.2 MPa) for 
16 hours, then reducing it to zero for 8 hours (HDR, 1993). The aim was 

essentially running the production well "full open" (the backpressure valve 
fully open). The simulation showed that whereas the joints were maintained 
at their normal openings during the high-backpressure stage of each cycle, 
those nearest the production wellbore closed within a few minutes of initia-
tion of the zero-backpressure stage (in response to the greatly increased 
joint-closure stress near and at the borehole wall). Closure of these joints 
effectively cut off the production wellbore from the large volume of pres-

intuitively obvious after the fact, made it clear that in any cyclic produc-
tion scheme, the backpressure on the production well must be high enough 
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quickly able to ascertain, from known stress conditions in the reservoir, 
that at Fenton Hill the lower boundary for such a backpressure would be 
between 1450 and 2200 psi (10 and 15.2 MPa). This understanding was to 
provide invaluable guidance on several occasions when cyclic operations 
were employed during the LTFT. 

importance of the major stress regimes in the Phase II HDR reservoir. 
During reservoir pressure testing, several slow venting episodes had 
enabled three major joint-closure stresses (for three different joint orienta-

not clear from the hydraulic data, however, which pair of these three joint-
-

pressures as pressure-boundary parameters did not yield a match between 

conditions, the model gave results that closely agreed with experimental 

that the relationship between the highest and the intermediate joint-opening 
-

ship between the intermediate and lowest joint-opening pressures. 

untested (and untestable, within the available funding limits and time frame) 

during shut-in. Figure 9-29 shows the match between several LTFT tracer 

during the LTFT.
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 . 

distribution within the reservoir (as indicated by the pressure changes shown 
in Fig. 9-28), the model was used to ascertain whether and how the spacing 

wellbore spacing of 200 m and the other a spacing of 400 m. (In the Fenton 
Hill Phase II system, the average separation between the wellbores at depth 
was roughly 100 m). One set of results from this modeling effort shows that 
if an HDR system having a wellbore separation of 400 m is operated at a 

200 m (84 gpm vs 100 gpm), the pressure variation between the injection and 
production wells of the two systems would be almost identical (Fig. 9-30).
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Fig. 9-30.
hypothetical HDR systems under the same conditions of injection pressure 
and production backpressure but with different wellbore spacings.
Source: Brown, 1994b

 In other words, it should be possible to greatly increase the size of an 
HDR system (just a doubling of wellbore spacing would probably increase 
the volume of the accessible reservoir by a factor of four, and probably 

much larger than the Phase II system at pressures attainable with currently 
available commercial equipment. 
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 . During the 

was used to optimize the design of the cyclic-production test that demon-
strated the load-following potential of the HDR system. Given the choice 
between a daily cycle consisting of (1) 16 hours at base level followed by 
8 hours of enhanced production, and (2) 20 hours at base level followed 

earlier, in the section on the third steady-state production segment, the 
Load-Following Experiment based on this operational plan was carried out 
in July 1995 with highly successful results (Brown, 1995b).

the inlet to the reservoir at the injection well to be mapped as circulation 
proceeds, the model can be used to design an energy production schedule 
that maximizes recovery of the available heat from an HDR reservoir. Like 

that no discernible temperature decline would be detected over the course 
-

Injection

Cooling from 235° in the large, outer shaded region to 70° in the 
lighter region is confined to the area near the injection wellbore.

Production

Fig. 9-31.

Source: Duchane, 1995b
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 The injection pressure used during the LTFT was the maximum that 
could be applied without inducing reservoir growth, which necessarily 

simulation of reservoir performance several years into the future predicts 

will begin to increase after about one year of operation even under constant 
injection conditions (Duchane, 1995b). 
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Source: Duchane, 1995b

to prevent the system from reaching a short-circuit-like state wherein the 
production temperature would cool to below useful temperatures well 
before all the available thermal resource had been extracted. Unfortunately, 
the LTFT was not continued long enough to observe whether this predicted 

a temperature decline at Fenton Hill after only a few years of circulation. 
Such a result would have gone a long way toward verifying or refuting the 
thermal-energy-extraction predictions derived by all of the models used to 
assess the Fenton Hill HDR reservoir. This example provides an excellent 
illustration of how important it is to couple a thorough understanding of 

___________________________
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 The LTFT was the culmination of the Los Alamos HDR Project. 
Although the technical goal of continuous production of energy for a full 
year was not achieved, the maintenance of circulation for a total of more 
than 11 months did demonstrate that energy could routinely be extracted 
from an HDR reservoir over an extended time period. Moreover, the inter-
mittent shutdowns provided an unanticipated opportunity to evaluate the 
response of the HDR system to a variety of adverse circumstances that 
might reasonably be encountered during operation of a commercial HDR 
energy plant (notably, it was clearly demonstrated that the system could be 
rapidly brought back on line after long periods of nonproduction, regardless 
of whether reservoir pressure had been maintained in the interim).
 The LTFT also showed that cyclic load-following production schedules 
could be employed to enhance productivity. With early tests providing the 
groundwork, straightforward cyclic production strategies implemented 

evidence of the advantages of this technique, from both operational and 
marketing standpoints. It seems likely that when commercial HDR plants 
are eventually built, cyclic production schedules modeled after those proven 

 Finally, the LTFT produced a wealth of experimental data that can be used 
to improve models—not only those designed to simulate HDR systems, but 
also those designed for hydrothermal (i.e., hot wet rock) faulted/jointed 
systems. As a result of the LTFT, a great deal more is understood about 

-
cantly closer to reality the potential for HDR technology to become a major 
source of commercial energy for the 21st century world. 



PART IV

Future Outlook  
for Hot Dry Rock



Chapter 10
The Future of Hot Dry Rock Geothermal Energy
As detailed in preceding chapters, the technical feasibility of HDR 
geothermal energy was clearly demonstrated at Fenton Hill, with the testing 

this revolutionary new technology to its appropriate place in the world's 
energy supply mix. Obviously, technical feasibility is not enough: HDR 
must also be capable of supplying useful amounts of energy economi-
cally. For that requirement to be met, several issues—which have yet to be 
adequately addressed—will need to be resolved.

Productivity: Can the thermal output of an HDR reservoir be increased 
through engineering strategies? 
Sustainability: What is the expected lifetime of a typical HDR  
system, and what are the best methods for extending it? 
Universality: Can HDR systems be developed virtually anywhere? 

 Once these remaining issues have been favorably resolved, it is a 
comparatively short step to the widespread establishment of commercial 
electric power plants drawing their thermal energy from HDR. And with 
their establishment—and realization of the unique advantages of fully 
engineered HDR systems—will certainly come incentives to further 

concepts that today have been only theoretically proposed will be explored 

HDR even more economical. The following sections discuss possible 
approaches to resolving the remaining issues and describe some of these 
advanced concepts. 

Enhancing Productivity

The Long-Term Flow Test (LTFT) at Fenton Hill produced thermal power 

at this temperature, the electric power production potential was only about 
0.5 MW. This is much lower than the levels needed for HDR to be a prac-
tical source of power and justify the considerable investment in drilling and 
reservoir development. 

it was recognized that the single production well at Fenton Hill was 
accessing only one side of the elongate reservoir, which had developed 
symmetrically around the injection well from which it was created. During 
the second half of this 30-day test, the injection pressure was increased to 
about 4600 psi, which boosted steady-state thermal power production to 
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10 MW. The higher injection pressure also expanded the reservoir, which 
substantially increased net water consumption. But as shown in Fig 10-1, 
seismic data indicated that rather than being "lost," most of the water was 
going into expanding those regions of the reservoir where no production 
wellbore was present to serve as a pressure-relief valve. (Important note: 
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Fig. 10-1. Distributions of seismic events during the MHF Test and during 
the second half of the ICFT. The direction of the least principal earth stress 

3) is also shown. 
Source: Brown, 1995b 
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The ICFT gave rise to two important, related observations: 
1. A second production well on the stagnant end of the elongated reser-

productivity. 
2. A production wellbore on that side of the reservoir would provide pres-
sure relief, enabling injection at considerably  pressures without 
causing reservoir growth. The higher-pressure injection would in turn 

in productivity. It is estimated that the productivity of the Phase II Fenton 
Hill HDR reservoir could have been increased to at least 20 MWth—

reservoir region—simply by drilling a second production wellbore in an 
appropriate location. In brief, multiple production wellbores are the key 
to highly productive HDR systems. Properly implemented, this strategy 
is virtually certain to enhance productivity. 

 There are many other potential techniques for productivity enhancement 

reservoir at Fenton Hill. Examples are pressure cycling of the production 
wells and the drilling of deep laterals from each production well. Short 
(1000- to 2000-ft) laterals could be drilled immediately following the 
drilling of the production wells, and before they are completed. The targets 
of these laterals would be regions near the ends of the stimulated reservoir, 
where more production could be "captured." Since almost all of an HDR 

increasing the number of production wells that pass through the reservoir 
-

icantly increase productivity. 

Extending the Lifetime of the System

The deeper Fenton Hill reservoir showed no signs of thermal drawdown 
over the 11-month period of the LTFT. In fact, as discussed earlier, tracer 
testing showed that the circulating water was continually accessing new 
areas of hot rock near the boundaries of the reservoir region. Modeling indi-
cated that the 4-MWth system at Fenton Hill could have been operated under 
the conditions of the LTFT for more than 30 years without any cooling at 
the production wellbore. (These conditions, however, as stated earlier, were 

-
cial HDR venture.) 
  All the evidence to date indicates that sustainability should not be 
a problem for HDR systems; but sustainable energy production can 
be convincingly demonstrated only by operating an HDR system for 
an extended period of time at a commercially practical rate of power 
production. Further, as shown by the work at Fenton Hill, the production 
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wells can intersect the dilated reservoir region at locations quite far from 

wellbores). Given the several production variables involved, the best way to 
demonstrate sustainability is with long-term, continuous power production 
from an appropriately productive HDR reservoir.

Establishing the Universality of Hot Dry Rock

Obviously, the applicability of HDR technology to a wide variety of loca-
tions can be demonstrated only through its widespread implementation. As 
the value of the work at Fenton Hill was recognized, experiments were 
initiated in several other countries. However, none of these projects led to 
the creation of Fenton Hill-type HDR systems.
 At Rosemanowes, in the British Isles, a reservoir was created with pres-
sure stimulation, but in rock that was not hot enough to produce useful 
amounts of energy. In Japan, the two projects attempting to create HDR 
reservoirs were carried out in calderas, where hot rock was reached at 
relatively shallow depths. But in both cases the reservoirs were open rather 

water losses during periods of circulation. If the drilling had gone deeper—
or better yet had been done elsewhere than in a caldera—hot competent 
rock would probably have been reached. At Soultz-sous-Forêts in eastern 
France, the European HDR project drilled into a hydrothermal region with 
naturally open faults and joints in the granitic basement. Their system was 

now known as hot wet rock, or HWR. In Australia, an "HDR" reservoir 
was created in rock very similar to that of the Fenton Hill system (similar 
depth and rock temperatures). However, like the Europeans, the Australians 

joints. During their operations in the Cooper Basin in South Australia, they 
pressure-stimulated a region in which an overpressured brine containing a 

 Thus, even with these several projects having grown out of the Fenton 
Hill work, the universality of HDR has yet to be demonstrated.
 For much of the Basin and Range Province of the western U. S., as well 
as broad expanses of the Great Plains east of the Rocky Mountains, the 
geological setting typically consists of several thousand feet of sedimen-
tary rock overlying the crystalline basement. Except for those unusual 
areas where recent faulting has disturbed the basement rock, the geology 
is similar to that of Fenton Hill: free of open joints or faults. The basement 
rocks may be a melange of many types. As clearly shown at Fenton Hill, it 
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is not the type of basement rocks (predominantly igneous or metamorphic) 
that is important for HDR reservoir development, but the joint structures 
within them. For that reason, it should be possible to replicate the HDR 
reservoirs at Fenton Hill in literally tens of thousands of locations. The 
biggest unknown is how deep it might be necessary to drill into the base-
ment to reach rock at temperatures suitable for HDR development (greater 
than about 150°C).
 In summary, it appears that the two keys to widespread application of HDR 
technology are (1) drilling deep enough to reach suitable temperatures and 
(2) drilling into basement rock that is free of open joints or faults. Because 

-
ment increases with depth, in general greater depth implies better reservoir 

rock porosity and permeability, which is critical to ensure that a pressure-

Addressing the Remaining Issues

The key to advancing HDR technology is developing and operating larger 
-

stration plant with two production wellbores. If this is done at Fenton Hill, 
the Phase II reservoir could be re-accessed and reactivated—work that could 

started at an entirely new location. Such an effort would be the most rapid 
and economical means of obtaining hard data regarding the issues of produc-
tivity and sustainability; in turn, these data would reinforce the case for 
moving forward at other locations. The issue of the universality of HDR will 
be resolved only as new systems are established in many other locations.
 The problems associated with further HDR work at Fenton Hill are 
more administrative than technical. Approval for access to the site must be 
obtained, the required water rights secured, and environmental concerns 
addressed in detail. Because of the pristine nature of the area, any trans-
mission of power from Fenton Hill would be limited to the capacity of the 
power lines already in place, and electricity would be generated only in 
that amount, plus the amount required to run the surface plant and injection 
pumps. Even under such conditions, with only limited power generation, a 

as a baseline for projecting per-kilowatt-hour power costs for subsequent 
commercial operations at other sites.

HDR reservoir at Fenton Hill would provide the strongest possible incen-
tive for private investment in subsequent HDR facilities. But if it should 
prove impossible to reactivate Fenton Hill, a new site would have to be 
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found. It would need to meet several criteria with respect to surface as well 
as underground characteristics: a good thermal gradient and competent rock 
at depth (in which there is no evidence of recent faulting) will be important, 
but so will accessibility, proximity to a transmission line, a market for the 
power produced, and local political support. With either Fenton Hill or a 

power plant. Successful operation of this plant, proving that HDR is both a 
productive and sustainable technology, will establish its role in the energy 
market of the 21st century.

Future Innovations in HDR Technology 

Once HDR has been recognized as a competitive source of abundant and 

to pursue the many innovative ideas and concepts that today exist only 
in the realm of speculation. A few of the major potential innovations are 
outlined below.

Advanced Drilling
By far the most expensive and risky part of developing an HDR system 
is the extensive amount of hard-rock drilling required to reach basement 
depths having suitable temperatures. Although deep drilling has been a vital 
technology in the oil and gas industry for many years, in that domain it 
is primarily used to drill through the sedimentary formations that harbor 
oil and gas. These rocks are by nature softer and easier to drill than the 
typical granitic basement rock. There has been little incentive to develop 

proposed to date, only a few have undergone preliminary testing. But once 
the economic viability of HDR systems has been demonstrated, the drive 
to reduce drilling costs will create strong incentives to develop advanced 
drilling technologies and will draw investment funding to programs that 

Load-Following and Pumped Storage
As discussed in Chapters 2 and 9, a cyclic experiment at the end of the 
LTFT clearly demonstrated that energy output from an HDR reservoir 
could be rapidly ramped up or down by simple changes in the backpres-
sure applied to the production wellbore. Because electric power is more 
expensive when demand is high, this capability to quickly and easily adjust 

advantages. In fact, this load-following potential may well be a key factor 
in making HDR a competitive energy source, and thereby expedite its wide-
spread utilization.
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 A second strategy, related to load-following, is "pumped storage": the 

of the reservoir. Injection is carried out at a steady rate, but the rate of 
production is lowered during periods of reduced demand, the accumulated 
difference being stored in the reservoir. A variant of this strategy would 
be to link HDR with another renewable but intermittent energy resource 
(such as wind power); by storing energy during off-peak hours, the inter-
mittent resource is used more effectively. For instance, wind power could 
be harnessed during the evening to drive an auxiliary injection pump, thus 
effectively using the HDR reservoir as an "earth battery." Pumped storage 
techniques are already in use today at some hydroelectric plants; generators 
are kept running during the low-demand nighttime hours to pump water 

higher-demand daylight and early evening hours. An HDR reservoir used in 
pumped-storage mode could resolve the dilemma of how to exploit wind or 
solar energy when the wind isn't blowing or the sun isn't shining. Linkage 
with HDR could turn such "green" but intermittent energy resources into 
dependable, full-time power suppliers. 

Treating Wastewater
To minimize water use in HDR power production, the approach most often 
considered is binary-cycle technology—continually recirculating the pres-

available in large amounts) could be used as a major portion of the system's 
-

industrial wastewaters could potentially be decomposed as the water is 
superheated and subjected to enormous pressure in the HDR reservoir. If 
necessary, auxiliary agents such as oxygen could be added to the injected 

 The production of potable water is also a possibility. An open-loop HDR 

used as a fresh water supply, and additional wastewater could be added to 

drawback to this method, which would need to be resolved, is that dissolved 
-

tually leading to their deposition in the surface piping.) 
 An HDR reservoir, then, in tandem with producing electric power, could 
function as a source of clean water and a treatment facility for municipal or 
industrial wastewater.
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New Circulation Fluids and Circulation Conditions
As HDR power plants become more and more widespread and the tech-
nology evolves, additional novel ideas will merit evaluation. An example is 

that has already been suggested is supercritical carbon dioxide (Brown, 
2000, 2003). Although its much lower mass heat capacity makes it a less 
effective heat-transfer medium than water, its much lower viscosity under 
typical HDR reservoir conditions means that the reservoir production 

2 than with 
water—at least partially compensating for the lower mass heat capacity. 
 No environmental problems would be created by the leakage of small 
volumes of carbon dioxide into the tight rock mass surrounding the HDR 
reservoir (the gas being already present at depth in many locations); and 
in fact, "sequestering" some CO2 in the rock by this means would remove 
modest amounts from the atmosphere, thereby contributing to the mitiga-
tion of global warming. At the same time, CO2 could interact with the 
small amounts of water in the reservoir region, leading to the formation of 
potentially harmful carbonic acid (or other unanticipated effects). Because 
of the potential problems, much more research and development would 
be required before carbon dioxide could be used in an HDR system. No 
doubt as the HDR industry matures, ideas for other circulation mediums—

 
will emerge.
 With advances in drilling technologies, it may become practical to reach 
rock at temperatures in excess of 374°C (at which temperature pure water 
becomes supercritical). As with carbon dioxide, the chemistry of super- 
critical water could pose problems in actual practice. But with an 
established and vibrant HDR energy industry, exploration of these and 
other promising ideas would become economically attractive and could 
make a good resource even better.

New Approaches to the Detection and Location of  
HDR-Associated Microseismic Events
As discussed in Chapter 6 (see ), during the 

-
modated by  tensile fracturing—i.e., joints opening in tension, 
with no measurable shear displacement. The still-unanswered question is: 
what were the locations and orientations of the lower-opening-pressure 
joints making up this very large array? Seismically speaking, without any 
means to answer that question from the data obtained during the MHF Test, 
the seismologists "missed the party"! Given that hindsight recognition, the 
next question is: how can we improve the situation? The obvious answer 
is to concentrate on the detection and location of microseismic signals 
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need to be developed by experts in nontraditional seismic analyses. For 
example, current work in identifying low-frequency earthquakes in non-
volcanic tremor (e.g., Maceira et al., 2010) appears to hold promise as a 
new seismic method for analyzing HDR pressure-stimulation data. 

Summary

The highest priority must be given to addressing the issues of HDR 
productivity, sustainability, and universality. Only when these important 
questions have been resolved will it be possible to establish HDR power 

industry based on HDR comes into being, investigation of the advanced 
concepts discussed above—and no doubt many others not yet even imag-
ined—will proceed rapidly. As the 21st century progresses, HDR will play 
a bigger and bigger role in providing abundant, clean, and domestic energy 
for virtually all the nations of the world. 



Appendix
High-Temperature Downhole Instrumentation
The development of the Phase II reservoir at Fenton Hill—hotter and deeper 
than the Phase I reservoir—involved drilling and well completion to over 
15 000 ft (4600 m) in very hard crystalline rock; reservoir creation and exten-

These operations imposed requirements on equipment and materials seldom 
if ever called for in the oil and gas industry, or in conventional geothermal 

-
cantly higher than those of Phase I (up to 320°C), as were the pressures 
needed to open and extend joints in the deep basement rock (on the order 
of 7000 psi [48 MPa]). In addition, directional drilling was extensively 

crystalline rocks. Finally, the downhole testing was of a unique, experimental 
nature—unlike anything attempted by the oil industry, the hydrothermal 
geothermal industry, or any other entities doing research on the Earth's crust. 

instruments could withstand the high temperatures and pressures of the 
downhole environment at Fenton Hill, even for brief periods. In many cases, 
either the instruments or the cablehead failed before the instruments even 
got near the depths at which the measurements were to be made. Although 
a few logging instruments developed for use in oil and gas wells (such as 
cement-bond logs and multi-arm casing-inspection calipers) proved to be 

a unique suite of diagnostic instruments—capable of sustained residence in 
the severe downhole environment—was needed. Most of this instrumen-
tation had to be specially designed, fabricated, and tested at Los Alamos. 
Developmental work in this critical area remained an integral part of the 
Fenton Hill HDR Project through August 1987. (Unfortunately, after that 
time the Laboratory no longer received DOE funding for this effort.)
 It should be noted that several of the diagnostic logging tools developed 
over the years for the HDR Project were used as originally intended only 
during Phase I, for interrogating the reservoir region. By the early 1980s, 
when Phase II reservoir development was under way, what was understood 
about the pressure-stimulated region had evolved considerably. Whereas the 
Phase I reservoir was essentially a restricted (tabular) region comprising a 
few near-vertical, interconnected joints, the Phase II reservoir turned out 
to be a much larger, volumetric region comprising multiple interconnected 

clear that tools such as the downhole injector/gamma-ray detector and the 
crosswell acoustic detector, designed when the reservoir was assumed to 

-
priate for interrogating the much more complex Phase II reservoir.
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 Some of the design and fabrication of these specialized downhole instru-
ments was done independently at the Laboratory and some in cooperation 
with, or by subcontract to, industrial manufacturers and other laboratories. 
The applications for these instruments fall into three major categories:

Seismic interrogation of the reservoir region, to monitor its growth 
and geometry and to map major interior joint systems 
Characterization of the borehole and the reservoir (temperature, inter-

borehole diagnostics during drilling and completion 
Characterization of the physical properties of the reservoir rock and 

 Much of the information in this Appendix is drawn from Dennis et al., 
1985; HDR, 1985; Dennis (comp.), 1986; and Dennis, 1990. 

Seismic Interrogation of the Reservoir Region

Accurate characterization of an HDR reservoir depends primarily on reli-
able measurements of the seismicity induced during pressure stimulation. 
If the precise locations of the microseismic signals are known, one can 
determine the envelope of the seismically active region (i.e., the reservoir 
region), as well as its three-dimensional orientation, as it develops over 
time. In addition, through analysis of the waveforms of the signals arriving 
at multiple stations, one can determine the location, orientation, and size of 
some of the joints having higher opening pressures (the opening of which 

For the Phase II reservoir, such measurements required geophones capable 
of remaining in the high-temperature environment for extended periods 
(for example, the MHF Test lasted almost three days, and during the ICFT  
seismicity persisted for ). 
 The Los Alamos-designed downhole (Fig. A-1) 
detects microseismic (i.e., acoustic) signals generated by the movement of 
joints during the pressure stimulation that creates the reservoir region. 
 Signals generated by a seismic source generally comprise both compres-
sional (P) waves, from normal joint dilation, and shear (S) waves, from the 
small displacements that typically occur on the higher-opening-pressure, 
inclined joints. The P-waves propagate through the media parallel to the 
direction of particle displacement (generally orthogonal to the joint or 
joints being dilated), whereas the S-waves propagate perpendicular to that 
direction (generally in the direction of joint slip, ). Because 
P-waves travel faster through solid media than do S-waves, by knowing the 
medium and measuring the lag time between P- and S-wave arrivals, one 
can determine the distance to the source (polarization direction of P-wave 
arrival gives direction; polarization direction and S-minus-P lag time give 
direction and distance relative to the detector).
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1 Bulkhead (feedthru)
2 High-temperature connector
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4 Heat sink (Cerrobend)
5 Inclinometer (2-axis)
6 P.C. board (amplifier and switching)
7 Battery pack (14-volt)
8 Dewar (stainless steel)
9 Geophones (8 horizontal, 4 vertical)
10 dc motor and lead screw assembly
11 Locking-arm mechanism
12 Shear pin assembly 2
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Fig. A-1. The standard high-temperature (275°C) triaxial geophone detector 
developed at Los Alamos.
Source: Dennis, 1990

 The standard triaxial geophone detector is 68 in. long, has an outer 
diameter of 5 1/2 in., weighs 160 lb, and is rated for temperatures of up to 
275°C and pressures to 15 000 psi. Each axis contains four 30-Hz geophones 
connected in series. The electronics are housed in a thermal-protection system 
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that combines a Dewar (controlled-environment enclosure) with a heat sink 
containing Cerrobend (an alloy having a low melting point); this protective 
system greatly increases downhole operating time and also allows use of 
low-temperature electronics. Acoustic coupling is improved by a one-arm 
locking mechanism, designed to press the instrument against the borehole 
wall. (The effectiveness of this coupling can vary, however, depending on 
the position the tool eventually takes after its natural rotation at the end of the 
cable.) A downhole signal-multiplexing unit—controlled through the surface 
data acquisition and control system—allows monitoring of other data, such as 
internal Dewar temperature, geophone orientation (through measurement of 
the slant angle of the borehole), and power supply voltage.
 A smaller version of the standard triaxial geophone, the 
(Fig. A-2), is designed for use inside drill pipe or tubing. It is 152 in. long, 
has a 3 1/4-in. outer diameter, weighs 52 lb, and is laboratory-tested to 
275°C at pressures up to 15 000 psi. It uses two 30-Hz geophones connected 

to remain in the downhole environment for many hours or even days. 

1

1 Nose cone and lower sinker bar
2 Upper sinker bar
3 Bulkhead
4 O-ring pressure seal
5 Geophone
6 Geophone cradle
7 Outer housing for geophones
8 Set screw
9 Centralizer
10 Sub to wireline cablehead
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Fig. A-2. The slimline high-temperature (275°C) triaxial geophone detector 
developed at Los Alamos.
Source: HDR, 1985
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 A third type of geophone detector, the , 
is a much smaller unit rated for lower temperatures. Measuring 22 in. long 
× 2 1/2 in. in diameter and weighing only 20 lb, it contains four 4.5-Hz 
vertically oriented geophones connected in series. Several of these devices 
were positioned at depths of 2000–2500 ft, at or near the granitic surface, 
to form the "Precambrian Network." 
 All of these geophone detectors are calibrated through the use of 

. Detonators positioned at one or more known 
locations in one borehole provide explosive source signals, simulating 
those of seismic events occurring within the reservoir region. These signals 
are detected by geophones positioned at a "seismic station" at a selected 
depth in another borehole and used to calibrate that seismic station. The 

module rack contains three detonator levels, each of which accommodates 
four exploding-foil detonators designed for high temperatures and high 

was also developed, 

front-end carrier to allow a larger explosive charge, can be used for a high-
temperature string shot (i.e., a tool-joint backoff shot). Both the multiple-

accidental detonation during transit and handling at the surface.

Characterization of the Borehole and the Reservoir

Temperature Surveys
Temperature surveys at various depths in the borehole provide important 
data for characterization of the borehole and the reservoir. These data are the 

gradients, thermal drawdown, and recovery rates. In addition, they are often 
critical for other areas of investigation, as described below. 
  are a major tool for characterization of both the 
borehole and the reservoir. By revealing anomalies and variations from the 
background temperature gradient, temperature logging is the most reliable 
indicator of the locations of joint inlets/outlets (which can be determined to 
within ±10 ft). For example, it was temperature information that ultimately 

Chapter 4, Fig. 4-5) to be determined; and it elucidated many of the char-

diagnostic standpoint, temperature logging was also critical in "unraveling" 

borehole was shut in following the MHF Test, it was temperature logging 

reservoir and upward through the borehole, then exiting (through breaks 
in the collapsed 9 5/8-in. production casing) into the much-lower-pressure 
Phase I reservoir region. Finally, it was through temperature logging that the 
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 Another important task accomplished through temperature logs (in 

packer-seating sites. 
 The temperature sondes developed at Los Alamos employ a thin-walled, 
stainless steel thermistor probe having high accuracy and resolution. To 
provide accurate depth-correlation information for correcting cable depth, 
each sonde also incorporates a high-temperature collar locator (as well as, 
typically, a gamma-ray detector). The sondes were fabricated in various 
sizes (ranging in length from about 6 to almost 10 ft and in weight from 84 to 
230 lb), all rated for temperatures of 350°C and pressures of 15 000 psi. The 
slimline temperature/collar-locator tool shown in Fig. A-3 is 112 in. long, 
has a diameter of 2.0 in., weighs 76 lb, and is rated for 350°C at 15 000 psi. 

1

2

3

4
51 Thermistor

2 Feedthru
3 Collar locator
4 O-ring
5 Connector

Fig. A-3. Slimline temperature/collar-locator tool.
Source: Dennis et al., 1985

Borehole Diagnostics 
Because commercially available single- and dual-arm caliper tools proved 

-
-

rial or borehole breakouts, any of which could cause a packer to rupture—the 
Laboratory developed a high-temperature, independently recording multi-
arm caliper tool capable of measuring radii from 2.5 to 7 in. In several 
instances, this tool provided information on the geometry (strike and dip) 
of eroded joints intersecting the borehole. It was also useful for identifying 
regions of casing that were collapsed but still pressure-tight; or, in combina-
tion with temperature logging, for locating holes and tears in casing. 
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six independent arms; the arms were evenly spaced circumferentially and 
could be varied in length to measure hole diameters up to 30 in. Activated 
by a motor, the arms could be extended or retracted on command from the 
surface. They were retracted while the tool was run in, then extended to 

borehole radius measurements were converted to electronic output via 
a mechanical linkage, magnetic couplings, and high-temperature rotary 
potentiometers. To compensate for wear of the caliper pads, which could 

done. The caliper tool is rated for temperatures of 300°C and pressures of 
15 000 psi (a combined rating that to this day exceeds that of any similar 
tool available from industrial logging companies). This tool measures 
9 1/3 ft long × 3 in. in diameter and weighs 154 lb. 
 Development work on a very desirable instrument for borehole charac-
terization, the borehole acoustic televiewer, began in the mid 1980s as a 
joint project between the U. S. and Germany.1 This instrument, which would 

-
ment stage when funding unfortunately was curtailed. The prototype device 
(Fig. A-4) was 14 ft long and 3 3/8 in. in diameter, weighed 225 lb, and was 
rated for a downhole temperature of 275°C and a pressure of 12 000 psi. 

1

1 Rotating transducers
2 Slip-ring assembly
3 Oil port
4 Inlet
5 Acoustic window
6 North-seeker
7 Motor
8 To electronics subsystem

2

5
6

7

8

3

4

Pressure equalization system

Fig. A-4. The borehole acoustic televiewer tool developed at Los Alamos. 

1A tool of the same general type, though analog and less sophisticated, was already 
being used by the USGS Water Resources Division in Denver, CO; but it was 
rated only for temperatures below 200°C and its availability was limited. 
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was modular, consisting of an acoustic subsystem (to transmit and receive 
acoustic pulses) and a downhole electronics subsystem (to collect, process, 
and transmit data). The acoustic subsystem housed two piezoelectric trans-
ducers (crystals)—one 1.3 MHz and one 625 kHz—mounted 180° apart on a 

ac synchronous motor at 360 rpm, with either one selectable as the operative 
transducer from the surface control unit. 
 The electronics subsystem incorporated a military-version micropro-
cessor that would emit pulses as the tool was moved along the borehole 

signal; then the electronics subsystem would measure the signal's ampli-
tude and travel time and transmit the data (via the logging cable) to the 
surface. The surface control unit, which was constructed around a Siemens 
microprocessor system, recorded the data digitally on tape and displayed 
it on a color monitor. The output provided real-time information, at a 

wall—such as the orientations of the various joints and induced thermal 
fractures intersecting the borehole, zones of stress-spalling induced by 
changes in pressure and/or temperature (borehole breakouts), and even 
the orientation of the gneissic fabric of the rock.
 Had its development been allowed to proceed, this tool would have been 

scans of the borehole,  in both pressurized and depresssurized 
modes, the borehole acoustic televiewer would have provided invaluable 

changes in their apertures with pressure. To this day,  information 
on the deformation mechanisms of rock masses remains the "holy grail" 
of rock-mechanicians, given that such data can never be obtained in 
above-ground laboratories, no matter how large. 
 In addition to interrogating the borehole wall, the televiewer would have 
provided superior information on other details of interest, such as areas of 
damaged casing, washouts, and ledges. But after having been successfully 
deployed in Well EE-2 in 1987, the televiewer was not developed further 
because the DOE felt that work on geophysical instrumentation was no 
longer part of the Laboratory's mandate. 
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Radioactive-Tracer-Based Diagnostics 
Two tools developed in the earlier years of the HDR Project that were 
later discontinued because of environmental concerns are the downhole 

 The was used to inject tracers—mainly radio-
active2

 the reservoir met with little success—both because the amount 
of tracer that could be injected by a downhole tool was too small, and 

 The injector measured about 10 ft long and 3 1/4 in. in diameter, 
weighed 175 lb, and was rated for temperatures up to 275°C and pres-

depth was reached, a release mechanism was activated to discharge the 

 The (Fig. A-5) combined a 

thermally protected in a Dewar equipped with a Cerrobend heat sink. This 

injector, was used to inject a radioactive tracer (usually 82Br) into an open 
joint and subsequently measure its return to the borehole. It could also be 
used to diagnose casing damage. With the tool positioned in the borehole 
adjacent to an open joint, the radioactive tracer would be released by acti-
vating a motor-propelled rod that smashed a quartz ampoule containing 
the tracer. The path of the tracer as it left the tool would be tracked by the 
integral gamma-ray detector. 

information for reservoir characterization. The data it yielded was useful 

the locations of holes in the casing. 

2The radioactive tracers, such as bromine (82Br), were produced "in-house" at the 
Laboratory's test reactor.
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1 Quartz ampoule
2 Heavy-metal shield
3 Lead screw
4 dc motor
5 Gamma-ray detector
6 Seals and bearings

Fig. A-5. The downhole injector/gamma-ray detector developed at Los Alamos.
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Characterization of Physical Properties of the Rock 
Mass and Fluid Geochemistry

Determination of Elastic Properties
A viable method for determining the elastic properties of the rock mass 
between two boreholes is the crosswell acoustic transceiver (CAT) system 
(developed for interrogating the much smaller and simpler Phase I reser-
voir). The system comprises (1) a transmitter, deployed in one borehole, 
that generates an acoustic signal in a constant, repetitive, and controlled 
manner; (2) a receiver, deployed in a second borehole, that detects the 
arrival of the acoustic wave; and (3) a surface data acquisition and control 

pressures of 10 000 psi. 
 The transmitter component measures 17 ft long × 5 1/4 in. in diameter. 

one position to another in the borehole, at comparable distances above and 
below the receiver component installed in the second borehole, it gener-
ates signals at a rate controlled by a computer in the surface system. The 
receiver component is 16 ft long and has a diameter of 5 1/4 in. It receives 
the acoustic signal from the transmitter via a piezoelectric crystal, housed 

crystal converts the acoustic wave into an electrical signal that is trans-
mitted to the surface via the logging cable. The signals from the receiver, 
which are recorded on magnetic tape, are stacked according to receiver 
depth (to reduce system noise)—thus producing, for each transmission path, 

through which the signals propagate are deduced from the character of the 
received signals and from their arrival times. 

Geochemisty of the Reservoir Fluid
The acoustic tools described above under 

 allow one to determine certain physical properties 
of the reservoir rock, such as P- and S-wave velocities, which allow the 
computation of "global" elastic moduli for the rock mass. To add to the data 
thus obtainable, a was developed at Los Alamos, 

geochemical information. Even though the development of this tool came 
-

tion is warranted. The sampler could take either two 270-cm3 samples or 
a single 780-cm3 sample. Mounted on the sample container is a valve that 
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stays closed until the sampler is in the desired downhole location, when it 

and is rated for a downhole temperature of 300°C and pressure of 15 000 psi.

Connection of Tools to the Logging Cable

All of the instruments described above transmit data to the surface facili-
ties through an armored, multi-conductor logging cable, to which they are 
joined by an electromechanical coupling device, the . 
The development of this high-temperature assembly (Fig. A-6) is one of the 
stellar accomplishments of the HDR Project's instrumentation initiative: it 
allows geophysical tools to stay on zone for  at a time.
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1 Connector
2 Bal-seal
3 O-ring
4 Swivel nut
5 Circumferential fishing groove
6 High-pressure bulkhead
7 Feedthru
8 Oil port
9 Electrical conductors
10 Rope socket breakaway
11 Cone basket
12 Upper oil seal
13 Cablehead boot
14 7-conductor armored cable

Fig. A-6. The Los Alamos-designed high-temperature, high-pressure cable-
head assembly.
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 The cablehead assembly serves as (1) a water-tight chamber for the elec-
trical conductors, ensuring their integrity by protecting them from borehole 

temperature downhole environment and the low-pressure environment in 
the tool; and (3) a quick-release mechanism, allowing the tool to separate 
from the cable in the event the tool becomes stuck in the hole. In addition, 

-

need to be retrieved from the borehole. 
 The ability of a downhole tool to reliably make measurements and 
transmit data depends partially on the quality of its connection to the 
logging cable. Unfortunately, the industry approach was often to get in and 
out of the hole as fast as possible, while obtaining a modicum of data. The 
cablehead assemblies produced with such a purpose in mind were not at 
all satisfactory for the HDR Project, which typically required a series of 
measurements over an extended period (up to 14 days for some geophone 
deployments during the ICFT). The high-temperature and high-pressure 
cablehead assembly developed at Los Alamos was designed to keep the 
high-pressure water from working its way up into the 7-conductor cable 
and eventually shorting out one or more of the conductors. It proved critical 
in obtaining many of the deep borehole measurements from the Phase II 
reservoir. Measuring 35 in. long and 2 1/8 in. in diameter, the cablehead 
assembly is rated for temperatures of 350°C and pressures of 15 000 psi. 

_____________________

The development at the Laboratory of downhole instrumentation having 
temperature capabilities far superior to those of commercially available 

 The temperature logging tools were the "workhorses," providing infor-
mation—both day and night—about borehole conditions, casing problems, 

-
tion). The high-temperature geophone packages also proved to be extremely 
valuable: without them, far less would be known about the complexity and 
the shape of the Phase II reservoir. Coupled with these tools, the superb 
cablehead assemblies, with their ability to withstand extreme temperatures 
and pressures, enabled downhole measurements for much longer periods 
than was possible with commercial logging tools. 
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Acoustic ranging—A seismic technique used to determine the distance and 

 from one borehole to another nearby borehole; signals generated 

positioned in the second borehole. 

Backpressure—The reverse pressure (or throttling pressure) intentionally 
imposed on any portion of the circulation system  the surface 
injection pumps. Typically, backpressure is applied at the production 

HDR reservoir to the production interval in the production well(s).

Backwater region—The region of the Phase II reservoir farthest from the 

segment of the ICFT (1986). Flow into this region did not seem well 
connected to the production well, and the stimulation resulted in considerable 
reservoir growth to the south (see Fig. 7-7, p. 439).

Basement rock—The hard crystalline rock found beneath the layers of 
sedimentary and/or volcanic rock. In the western U. S., this rock is typically 
igneous or metamorphic, and often of Precambrian age. 

and pressure-dilated HDR reservoir. This impedance is additive to the 
impedances connecting the body of the reservoir to the wellbores, such that:

 
impedance +  near-wellbore outlet impedance.

(See also and 
.) 

Borehole televiewer—
Los Alamos National Laboratory in the mid 1980s, for mapping irregularities 
in the borehole surface—many of which are associated with sealed joints 
(see p. 133 and the Appendix). 

Circulation-accessible reservoir volume—The volume (or region) of the 
pressure-stimulated rock mass that is actually accessible to the pressurized 
circulating water. In a jointed HDR reservoir, this volume—which is 
dependent on the mean reservoir pressure—can theoretically be as large 
as the seismic volume; typically, however, it will be somewhat smaller than 
the seismic volume, because some of the higher-opening-pressure joints 
developed during the initial high-pressure stimulation will be too impeded 

reservoir. 

585
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enters the injection wellhead. During routine circulation operations, the 
driving pressure 
wellbore, across the reservoir, and up the production wellbore. 

The recovery of heat 

 ensuring emissions-free energy production. The 

 the 
power-generation turbine.

See
.

A man-made HDR reservoir that is created in 
a previously sealed body of hot crystalline rock and whose boundaries  
remain sealed as the reservoir is grown and extended from its initial 

has open, unsealed boundaries.)

Operation of an HDR reservoir 

backpressure of the production well, to achieve a rapid and sustained 
increase in the production rate for a few hours each day. (See 

, pp. 35–37.) 

Diffusional water loss—The loss of water from the pressurized HDR 

microcracks in the otherwise sealed, surrounding rock mass. 

Dispersion volume—
tracer data (see pp. 520–521). 

First-arrival volume—
tracer data (see pp. 520–521). 

injection wellbore to the surface at the production wellbore. It includes 
the resistance to movement through the wellbores themselves as well 

 
.)
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This volume comprises both the 
circulation-accessible reservoir volume  the zone near the periphery of the 

larger than the circulation-accessible rock volume at any given reservoir 
pressure, and appears to offer a reasonable analog to the latter—but one that 
can be measured through static reservoir pressure testing.

GEOCRACK—The name given by Prof. Daniel Swenson to his discrete-
element numerical model for the Fenton Hill jointed HDR reservoir.

Geothermal energy—Energy derived from the natural heat of the earth.

The rate at which the temperature of a rock mass 
changes with depth. At depths beyond those affected by the climate at the 
surface, the geothermal gradient is a function of (1) the composition of the 

heat (such as a magma body or a concentration of radioactive elements); 

conductive gradient. In the HDR situation, since there are no open faults or 
joints for the convection of water, the geothermal gradient is controlled by the 
outward conduction of heat from the interior of the earth, augmented by heat 
generation from the decay of radioactive elements within the rock mass itself. 

in rock is a direct function of the thermal conductivity of the particular rock 

 situation. 

Heat mining—The term coined by Armstead and Tester (1987) to rename 
the closed-loop HDR heat-transport process (originally named by Don 
Brown in 1973), i.e., the generation of geothermal power by the circulation 

process whereby heat is removed from the reservoir and transported to the 
surface by the circulation of pressurized water. 

Heat-transfer volume—The volume of the pressure-stimulated rock mass 

This volume, which is dependent on the mean reservoir pressure, excludes 
the higher-pressure portions of the seismic volume (which are not accessible 
at the lower reservoir circulating pressure) and those regions that consist of 

circulation-accessible reservoir volume (see above). 
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High-backpressure flow testing—The term applied by Los Alamos 

Hot dry rock (HDR) geothermal energy—The totally new geothermal 
energy concept invented in 1971 (and later patented) by researchers at 
Los Alamos Scientific Laboratory.

Hot wet rock (HWR) geothermal energy—The term adopted by Japanese 
geothermal researchers in the early 1990s to describe open, jointed 
hydrothermal systems that are only marginally productive without pressure 
stimulation (see p. 27). In 1995, the U. S. DOE renamed such systems 
EGS—Enhanced Geothermal Systems. (As of 2012, there is still no example 
of an EGS system in the U. S.)

Huff-puff operational mode—An early concept of cyclic operation of 
an HDR reservoir, whereby water is periodically injected (huff) through a 
borehole into the confined reservoir, then produced (puff) from the same 
borehole. 

Hydraulic stimulation (or pressurization)—The injection of a fluid, 
typically water, deep into an isolated section of a borehole at pressures 
high enough to open (dilate) one or more of the favorably oriented joint 
sets intersecting the borehole. In hard, crystalline basement rock, hydraulic 
stimulation will almost invariably open pre-existing—but resealed—joints 
rather than fracture (in tension) the solid rock surrounding the borehole. The 
opening up of this joint network creates the engineered HDR reservoir. (See 
also Pressure stimulation.) 

ICFT (Initial Closed-Loop Flow Test)—The first extended circulation test 
of the deeper Phase II Reservoir at Fenton Hill, conducted in mid 1986. 

IFT (Interim Flow Test)—The nearly 7-month period (August 1992– 
February 1993) between the first and second steady-state production segments 
of the LTFT, during which the reservoir was kept pressurized and circulation 
maintained while pump problems were resolved (see pp. 501–503). 

Impedance—See Flow impedance, Reservoir flow impedance 

Impedance distribution—The partitioning of the total impedance to flow 
in an HDR circulation system, among four components: the system piping 
(very minor), the reservoir region near the points of fluid entry from the 
injection wellbore (minor), the body of the reservoir (minor to major), 
and the reservoir region near the points of fluid entry into the production 
wellbore (major).

field-testing personnel to flow testing of a confined HDR reservoir at produc-
tion pressures much higher than those needed to prevent boiling of the pro-
duction fluid (higher than several hundred psi). 
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The impedance associated with the level of pressure 
required to pry open the most favorably oriented set of joints intersecting the 
injection interval of a borehole (see p. 328). This impedance is associated 

into a potential reservoir region, and is not to be confused with 
 the reservoir (see 

). 

The pressure applied at the injection wellhead to force 

pressure would need to be great enough to open the reservoir joints so that 
circulation is feasible, but not so great that renewed reservoir growth—as 
indicated by seismic activity—would take place.

A reservoir volume measurement based on 
tracer data (see pp. 520–521). 

See 

Joints—
ment rock, originally formed during deformation or subsidence. It is such 

of an HDR reservoir. 

Joint-closure stress—The component of the earth-stress tensor normal to 

just open a joint ( ).

Joint-extension pressure—A pressure just high enough to cause an opened 
joint to further extend. W

microseismic activity, owing to slight shear displacement of the joints as 
they continue to pressure-dilate and extend.

The mineral material, deposited by natural chemical 

crystalline basement rock. 

Joint-opening pressure—
against the existing normal closure stress. This pressure is sometimes 
referred to as the  . 
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Joint porosity—

to as . It is considerably higher than the porosity of the matrix 
(i.e., of the sparse array of interconnected microcracks in the crystalline 
basement rock). In some cases, the term "reservoir porosity" is used to 
refer to the aggregate porosity of the pressurized HDR reservoir, which is 
determined almost entirely by the degree of opening of the stimulated joints; 
this aggregate porosity is strongly dependent on the reservoir pressure. 

Joint sets—The subparallel groups, or arrays, that characterize the 
disposition of the stimulated joints in a pressure-dilated HDR reservoir 
region. 

National Laboratory, before its renaming in 1980). 

3)—The minimum component of the  
earth-stress tensor at a given depth. 

The capability of an HDR reservoir to be operated in a 
cyclic manner, with greatly increased thermal power production for several 
hours each day. Load-following is achieved by programmed changes in 
the production-well backpressure, resulting in corresponding changes in 
reservoir power production. Load-following permits an HDR system to 

amount of energy being produced at times when it is most needed (and 
commercially most valuable). 

reservoir at Fenton Hill (1992–1995), to assess the reliability of HDR 
power production and the longevity of the reservoir; and to demonstrate 
that geothermal energy could be extracted on a sustained basis. The LTFT 
was designed to simulate as closely as possible the conditions under which 
a commercial HDR power plant would operate.

Magnetic ranging—The technique utilized by the Laboratory to mag-
netically determine the  from one borehole to another. 

Makeup water—The amount of water that must be continuously added to 
 

maintained. 
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The continuous joint set(s) within an HDR reservoir 

The high-pressure, 
high-volume injection of almost 6 million gal. of water into the deepest part 
of the EE-2 borehole, which created the Phase II HDR reservoir. Carried out 
in December of 1983, it was designed to greatly enlarge the joint network 
pressure-stimulated during Expt. 2020 and to connect this enlarged reservoir 
to the EE-3 borehole above. 

Microcracks—
basement rock. Typically formed at grain boundaries or within mineral 
crystals themselves, the arrays of interconnected microcracks are extremely 
"tight," explaining the very low "native" permeability of the matrix rock 
surrounding an HDR reservoir and its consequent very high impedance to 

Microseismic activity—The very small earthquakes (microseisms) gen-
erated as water is injected into a sealed region of rock under pressures 
high enough to open previously sealed joints (this joint opening is 
mainly in tension, but often has a shear component as well). Detection of 
microseismic activity demonstrates that an HDR reservoir is being created 
or expanded, and identifying the locations of the individual seismic events 
is the most important means of locating the reservoir region, determining its 
approximate dimensions, and identifying some of the characteristics of its 
interior joint structure.

Tens of thousands of microseismic events may be 
induced within a rock mass subjected to pressure stimulation—many more 
in some regions than in others. The cloud of microseismic events depicts 
the distribution and density of these events, representing the region of joint 
openings, which helps researchers evaluate the degree of joint connectivity 
in the pressure-stimulated rock mass.

Microseismic events—Movement at depth of jointed rock blocks in an HDR 
reservoir, as a result of hydraulic pressure applied along the interconnecting 
joints. These movements—caused by opening of joints and slippage along 
joints—are manifested as microearthquakes, the detection of which provides 
a means for locating zones of joint dilation and reservoir growth.

data (see pp. 520–521). 
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R  
near-wellbore joints connecting the injection interval to the body of the 
reservoir. This impedance rapidly declines as the relatively cool injected 

 near the injection 
wellbore, opening the connecting joints.

R
near-wellbore joints connecting the body of the reservoir to the much-
lower-pressure production interval. T

converges to the production wellbore, resulting in a progressive pinch-off 
of the producing joints. 

Open-cycle HDR power extraction—
through an HDR reservoir that is at some point open to the atmosphere. 

steam delivered to a turbine. Open-cycle operation has many drawbacks, 
among them water consumption and mineral scaling.

A length of pipe (typically 30–40 ft)  
having a honed (polished) bore, to form the outside surface of a high-
temperature, sliding-sleeve seal mechanism. The PBR is used in conjunction 
with a seal assembly (sometimes called a PBR ) to form a movable, 
high-pressure seal. PBR seal assemblies were used at Fenton Hill at 
differential pressures up to 7000 psi. 

The theory (based on the faulty assump-
tion that the basement rock can be considered homogeneous and isotropic) 
that a "fracture" created in the rock by hydraulic pressurization will be 
vertical and shaped like a penny (see pp. 12 –14).
 

The assumption, based on the joint orientations 
observed in the Phase I reservoir, that the continuous joints in the deeper 
Phase II reservoir region would be the same, i.e., essentially vertical rather 
than inclined. This assumption proved to be wrong (see pp. 239–240). 

The deeper HDR reservoir at Fenton Hill, 
developed during the MHF T
between 1985 and 1995. 

microcracks, but more equidimensional pores (see pp. 449–450). 
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The opening of joints in hard, crystalline rock as a result 
of pressure stimulation. Note that the joints do not have to fully jack open 
to pressure-dilate—only to expand slightly, so that not all the asperities are 
in contact. The dilation can continue until the joints are fully jacked open. 
The volumetric change resulting from this dilation is accommodated by the 
associated compression of the interior rock blocks and/or of the rock mass 
just beyond the periphery of the HDR reservoir.

The holding open of joints by the applied pressure 
within the joints themselves (analogous to the sand-propping techniques 
used in the oil industry).

The pressure-induced spallation of joint surfaces. 
D
permeates into the network of microcracks in the rock matrix adjacent to the 
joint surfaces. If the pressure within the joints is then suddenly released (e.g., 

 become trapped 

between the microcracks and the low-pressure joints that causes fragments 
of the rock matrix to break away, or "spall" from the joint surfaces. It appears 

rock is required to establish the conditions necessary for pressure spallation. 

rock mass, under pressures high enough to open pre-existing—but sealed—
joints, or to extend already-opened joints in the region surrounding the zone 

 
The pressure imposed on the production 

wellbore during operation of an HDR system. The backpressure may be 

wellbore outlet impedance, by pressure-dilating the joints entering the lower-
pressure production wellbore from the high-pressure body of the reservoir. 

The ancillary use of an HDR reservoir for the additional 
storage of pressurized water during temporary operation at higher-than-
normal pressures. This additional storage would be accommodated by the 
temporary hyper-compression of both the rock blocks within the reservoir 
and the rock mass just beyond the periphery of the reservoir. The additional 
stored water can be returned to the surface during hours of peak power 
demand, augmenting the HDR plant's power production.

of pressurization. (See also Hydraulic stimulation (or pressurization).)
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This impedance is typically greatest in the region near the production 

converges to the much-lower-pressure production wellbore(s), which causes 
the intersecting joints to be somewhat pinched off. 

Reservoir rock volume—The volume of pressure-stimulated HDR reservoir 
rock. This volume can be measured or estimated on the basis of several 
types of information: seismic data, tracer data, hydraulic/hydromechanical 
measurements, or geometric analyses of the wellbore injection and 
production zones. The volume measurement most pertinent to reservoir 

static reservoir pressurization data. 

the Phase II HDR reservoir at Fenton Hill. The RVFT demonstrated that 
even after two years of inactivity, during which the pressure on the reservoir 
was at times allowed to decay to ambient levels, the system could rapidly 
be reactivated to operating conditions and productivity levels essentially 
the same as those of the preceding steady-state periods. 

See 

The volume of a rock mass affected by 
pressure-stimulation operations, as determined by the distribution of 
detected seismic events. This volume is simply an estimate, because the 
seismic events tend to be somewhat unevenly distributed; it is usually 

standard deviation ( 1, 2
seismic signals included in the calculation.

ways directly from the injection to the production wellbores. Short-circuited 

and a resultant decline in energy production. However, experience has 
shown that as joints cool they tend to collapse and carry 

The annular region of hyper-compressed rock surrounding 
the pressure-dilated HDR reservoir, which acts to hold the peripheral joints 
more tightly closed than they were originally. This extra compression arises 
from the elastic response of the surrounding rock mass to the pressure-

operation is the fluid-accessible r  volume (see above), which is based eservoir
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An experiment conducted near the 
end of Phase I reservoir testing, to determine whether repressurization of 

(see pp. 230–233). 

Tag cementing—A method of cementing casing whereby only the bottom 
few hundred feet of pipe are actually cemented in the borehole.

The cooling-induced opening of the joints intersecting 
the injection borehole, through thermal contraction. 

The depletion of the stored heat in an HDR reservoir, 

circulation-accessible rock volume, and determined on the basis of tracer 
data. 

Travel-time algorithm—A seismic method for locating acoustic events in 
space. By inversion of arrival times for four or more P- and/or S-waves, 
recorded on at least two separate geophones, the position and time of the 
event can be determined. 

Water loss—Diffusional loss of water from the boundaries of a pressurized 
HDR reservoir. This term is sometimes incorrectly used to refer to water 

continue to open and pressure-dilate. 

wellbore and up the production wellbore. This impedance is a very minor 

Wellbore stress concentration—The circumferential compressive stress 
occurring at—and near—the borehole wall, created by the drilling of the 
hole.
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dendritic pattern of interconnected 
joints  18

detonators  112–115, 140, 141, 142, 
145, 146, 147, 333, 358, 366, 374

26, 86, 448, 466, 526, 527, 536 
direct-heating applications  33–34 
directional drilling (see

)  44 
equipment  109, 110, 241, 251, 

252, 266–268
dispersion volume  520, 536, 539, 

540
Division of Geothermal Energy  

45, 84, 184
Division of Physical Research  13
drilling (see

)
drilling, advanced  566 
drilling without returns  55, 99, 

243, 244, 273, 276, 308

"earth battery"  37, 567
economics of HDR geothermal 

energy  33–35, 37, 184, 516, 
561, 566 

EE-1 borehole  95–124 

183–184, 185, 189, 190, 191, 
214, 215, 220, 221, 238 

as completed  124
brecciated fracture zone  104, 105
cement-bond logs  123, 140, 

144, 173, 192
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EE-1 borehole (continued)
cementing of intermediate 

casing  100 
completion  122–124
drilling in Precambrian 

basement  103–105
drilling plan  95–96

GT-2A, GT-2B  46, 120, 121, 
125, 128–140, 144, 145, 151, 
152, 156, 158, 160–163, 166, 
168, 169, 170, 174–177, 186, 
188, 191–192, 194, 202–234 

joint at 9050 ft  46, 124, 131, 
135, 136, 137, 140, 141, 144, 
145, 146–148, 150, 151, 152, 
153, 155, 156, 157, 158, 164, 
168, 169, 173, 177, 179, 180, 
182, 186–188, 190, 191, 192, 
214, 217, 218, 219, 222

joint at 9650 ft  121, 130, 132, 
134–135, 137, 145, 150, 152, 
162, 177, 180, 190, 191, 192, 
193–199, 202, 204, 212, 213, 
216, 217, 218, 219, 222, 225

re-cementing of casing  191
seismic ranging experiments  112
Stage 1 drilling  97–105
Stage 1 pressure-stimulation 

tests  105
Stage 2 drilling  108–111
trajectory  46, 104, 109, 110, 111, 

113, 115, 117, 122, 125, 126, 
127, 128, 140, 142, 143, 144, 
156, 157, 166, 167, 217, 218

EE-2 borehole  43, 53, 237–272

322–324, 328, 396
annulus, inner  371, 372, 376, 

381, 382, 383, 384, 385, 393. 
394, 397, 413, 425

annulus, outer  371, 373, 382, 
383, 385, 393, 394, 395, 396, 
405

EE-2 borehole (continued)
as completed  259
borehole reduction to 8 3/4-in. 

253
casing collapse  

13 3/8-in.  246, 247, 255, 
256, 263, 271, 272, 310

371–372, 375, 376, 383, 
385, 393, 401, 423, 424, 
425, 426, 444

9 5/8-in., second episode 
404–405, 423, 424, 425, 
426, 451, 452

casing measurement error  245, 
248, 310

change in direction of drilling 
250–251

directional drilling  251–258, 260
doglegs  254, 268, 306
frac-around (see 

under ) 
geothermal gradient  269, 270, 

533
intermediate  (13 3/8-in.) casing 

244, 245, 246, 247, 249, 252, 
253, 254, 255, 256, 257, 259, 
263, 269, 271, 272

repair attempts 

second  452–453
scab liner  314, 317, 318, 322, 323
status, 1984 (summary)  397
target TVD  261
TD  244, 250, 251, 255, 258, 

259, 261, 270
temperature, bottom-hole  261
temperature surveys  255, 

269–271, 323, 328, 329–330, 
384–385, 446

trajectory  261, 262, 292, 293
TVD  237, 240, 256, 258, 261, 

262, 270, 293
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EE-2A leg  453–462 
as completed 461
completion  458–460, 461

production wellhead  484

reservoir pressurized through 
EE-3A  456

sealing of annulus leak outside 
casing  454

sidetracking and redrilling  424, 
453–457, 462

kickoff  453–454 
rate of penetration  457
whipstock/packstock 

assembly  454
window in casing  454

temperature measurements  456, 
497, 498, 501, 503, 505, 510, 
516, 517, 522, 525, 530–535

EE-3 borehole  238, 239, 240, 241, 
250, 251, 272–312, 326, 339, 340 
abandoning of deeper region  

277

as completed  300 
casing, 9 5/8-in. 

running  294–296
setting depth  294, 296, 306, 

312, 315, 340, 341, 349
stage cementing  296–299
tensioning  298, 299

completion  294–299, 300, 312, 
386 

directional drilling  238, 239, 
272, 273, 274, 277–282, 285, 
287, 289, 301, 302, 303, 309 

doglegs  280, 281, 305, 306
drilling location  274

open joint below casing shoe 
312, 315, 340, 341, 349, 353, 
354, 386, 389

EE-3 borehole (continued)
planning and drilling  272–300
scab liner, cemented-in  

341–342, 386
stuck bottom-hole assembly 284, 

285–286, 287
sidetracking around BHA 

286, 307
using whipstock 286

TD  274, 289, 291, 294, 300
anticipated 273

temperature surveys  344, 351, 
401 

top of stage cement  298 
trajectory  272, 273, 274, 277, 

279, 282, 286, 287, 288, 289, 
291, 301, 307, 327, 348
plan view  292
sectional view  293

TVD  291, 292, 293, 294
twist-offs  282, 283, 284, 285, 

290, 291, 304, 306, 310
EE-3A leg  398–409

annular breakthrough (disastrous 
frac-around)  518

)  419, 445, 
457–458, 469, 497, 512, 514, 
518, 519, 520, 526, 527, 530, 
534, 535

annulus, deep ("ANNULUS") 
420, 421, 445, 512, 536

)
completion  419, 420
deepest joint intersection with 

Phase II reservoir  408, 414, 
444, 445, 457, 458, 534, 535 

drilling  402–403
frac-around (see also 

)  445, 457, 458, 
518, 526, 530, 534, 535 
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EE-3A leg (continued)
hydraulic communication with 

EE-2

404–406

injection interval  444–445
liner, 5 1/2-in. cemented-in  419, 

420, 421, 444, 445, 457, 458, 
526

low-pressure joint  402, 403, 
419, 420, 421, 422, 445, 458, 
527, 535 

open-hole interval (see 
)

sidetracking operations  398–400
TD  408, 409, 420, 421
temperature logging, surveying 

403, 404, 407, 408, 411, 414, 
419, 421, 422, 443, 444, 445, 
458, 534–535 

trajectory  398, 399, 409
electric power generation  33–35 
Energy Research and Development 

Administration (ERDA)  45, 84, 
464

entrained gases (see also 
)  431

error banana  320
expansion loop  498
Expt. 195  195, 196, 202, 211, 

213, 219
seismicity  195–199

Expt. 203  194–199, 201, 211, 
213, 219
seismicity  195–199

Expt. 2011  314, 318–320, 328, 
331, 385, 400

Expt. 2012  314, 318, 320–323, 
324, 328, 331, 332, 333, 385, 400
microseismic events  321, 332

Expt. 2016  314, 318, 323–325, 
328, 331, 332, 333, 385, 400
microseismic events  325, 332

Expt. 2018  320, 327–333, 334, 
335, 337, 343, 344, 348, 349, 
356, 362, 385, 400, 418, 426, 
440
microseismic events  330–332

Expt. 2020  334–339, 341, 343, 
345, 346, 348, 362, 363, 374, 
376, 401, 413, 426, 440, 457
injection pressure  334, 335, 

336, 337, 339
injection rate  334, 335, 336, 339
microseismic events  337, 338, 

345
reservoir shut-in behavior 

354–355
self-pumping  354

seismicity  337, 338, 341
Expt. 2025  343–346

injection impedance  343
injection pressure  343, 344
injection rate  343, 344
joint-opening pressure  344
seismicity  345–346

Expt. 2032  (see 
)

Expt. 2042  388–392
 

389, 390
injection pressure  389, 390
injection rate  388, 389, 390
joint-extension pressure  390
joint-opening pressure  388
low-pressure joint connection 

389
seismicity  391–392

Expt. 2049  401–402
Expt. 2052  400–401
Expt. 2057  403–404
Expt. 2059  404–408, 421, 422, 425

injection interval  405
injection pressure  405, 406
injection rate  405, 406
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Expt. 2059 (continued)
temperature surveying  407, 408
seismicity  408

Expt. 2061  409–412, 421, 422, 425
injection pressure  410
injection rate  410 
joint-extension pressure  410
seismicity  409, 411, 412
temperature surveys  411

Expt. 2062  412–414, 421, 422, 425
injection interval  412
injection pressure  413
injection rate  413
joint-extension pressure  413
joint porosity  414
seismicity  413
temperature surveys  414

Expt. 2066  414–417
injection interval  415
injection pressure  415
injection rate  415
seismicity  415–417 

Expt. 2067  (see 
)

Expt. 2074  457–458

Expt. 2076  462
Expt. 2077  (Extended Static 

Reservoir Pressure Test)  25, 26, 
464–472

469–472

two-dimensional diffusion  466
water loss  465–466

faults, faulting  3, 8, 9, 17, 21, 22, 
23, 27, 28, 29, 32, 33, 56, 62, 80, 
558, 564, 565, 566

fault-plane solutions  374, 378–379
Fenton Hill  9–11, 20, 23–25, 32, 

43, 53, 56, 87, 96, 151, 475, 528 
end of HDR operations at  519
renewed operations, possibility 

of  418

Finite Element Heat and Mass 
(FEHM) model  551

363, 365, 427, 428, 429, 431, 490

also , 
) 

176, 414, 416, 423 
Phase I reservoir  144, 151, 152, 

161, 163, 168–169, 170, 175, 
176, 188, 189, 192

Phase II reservoir  326, 339, 348, 
350, 367, 370, 386, 404, 413, 
414, 416, 423, 456, 457

) 

) 
 108 

404

463, 464, 467–468

and microcracks)  464, 469–472

443, 447, 464, 466, 470, 471, 
472, 526, 536
pumped storage  36–37, 524, 

566–567
formation breakdown pressure 

(see )
frac-around (see also 

)  323, 373, 382, 
389, 390, 393, 394, 421, 445, 
457–458, 478, 518, 526, 529, 
530, 534, 535

frac head blow-out  346, 369, 370, 
371, 372, 381

fracture breakdown pressure  
(see )

fracturing through perforations 
75–78, 79, 94–95

Fresh-Water Flush  214, 220, 228, 
229, 541, 542–549 
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friction reduction/reducer  254, 262, 
294, 304, 307, 320, 322, 323, 
328, 329, 334, 335, 336, 356, 
364, 367, 368

funding (of HDR Project)  512

gas/particle separator  476, 477, 
485, 486, 487, 488, 499, 521, 542

gas purging  430
geochemistry  177, 204

ICFT  448–450
LTFT  541–545, 549
Run Segment 5  228–230

simulation of cooling  556
geologic cross section (Fenton Hill) 

59, 270
geophone, slimline  358
geothermal gradient  28, 59, 83, 

121, 270, 566 
GT-1 borehole  10–16, 44, 49, 64, 

66, 154, 326, 346, 353, 354, 357, 
391, 491 

GT-2 borehole  44–85, 90–95, 106, 
133
as completed  85
attempts to improve hydraulic 

connection  128–150
drilling

Stage 1  63
Stage 2  69, 71
Stage 3  79–84 

(see
under )

fracturing through perforations 
75–78, 79, 94–95 

hydrology experiments  62–64, 90
joint(s) at bottom (target joint) 

81, 91, 92, 93, 95, 110, 115, 
116, 118, 119, 128, 137, 140
orientation  81, 95, 118 
seismic interrogation  117–120

joint-opening pressure  93

GT-2 borehole (continued)
microseismic signals  115 
pressure testing  64–68, 69–70, 78

near bottom  119
Stage 1  64–68, 78
Stage 2  69–70 
Stage 3  91–95 
through perforations  75–77, 

94
zone 7  70–75, 77 

rat hole  82, 90–94, 151
trajectory  109, 111, 112, 113, 

125–127, 142–144, 151, 156, 
157, 166, 167

GT-2A leg  153–158 
pressurization  156
sidetracking  153–155, 159
trajectory  157, 167

GT-2B leg  152, 158–167, 174, 175
completion  166
directional drilling  158
production interval  176 
sidetracking  158, 159
trajectory  160, 166, 167

gyroscopic borehole surveys  46, 
109, 112, 113, 122, 125, 126, 
127, 141, 142–144, 146, 149, 
157, 167, 187, 258, 286, 287, 456
high-temperature tools  125–127, 

141, 143

HDR concept  6, 7, 8, 9, 17, 18, 27, 
43, 44, 45–46
patent  8

HDR technical feasibility  16, 19, 
184, 237, 451, 504, 561

heat exchanger  8, 18, 35, 38, 170, 
171, 172, 174, 177, 427, 428, 
429, 476, 477, 485–486, 487, 
488, 489
iron-carbonate scale deposits  485

heat-transfer surface  155, 174, 
175, 183, 185, 187, 191, 196, 
199–200, 203, 204, 205, 213
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heat-transfer surface modeling  
222–224

heat-transfer volume  38, 199, 
224–225, 550–551

(see under 
— )

Hijiori, Japan (see )  
27, 33

hodogram method  115, 119, 120, 
127, 128, 134, 140, 142, 326, 
330, 331, 333, 345, 356, 374

hoop stress  73, 346, 443, 445, 468
hot wet rock (HWR)  27, 32, 33, 

474, 527, 528, 558, 564
hydraulic communication (see 

also , 
)  314, 316, 398, 

402–404 
hydraulic connectivity/connection 

(see also , 
) 

Phase I reservoir  128–131, 152
Phase II reservoir  312, 356, 359 

hydraulic fracturing/pressurization/
stimulation (see also  

 )  6, 8, 
12–16, 30, 43, 44, 45, 64, 66, 67, 
68, 69, 70, 72, 73, 75, 76, 77, 91, 
92, 122, 152, 193, 313, 315–339, 
341–346, 355–386

"hydro-frac" (see 
) 

hydrogen embrittlement (see 
) 

2S)  24, 25, 
228, 230, 288, 289, 291, 296, 
307, 328, 335, 347, 490, 492

hydrothermal geothermal energy 
(see )

39, 40, 474, 488, 563, 564

body impedance  31, 40, 139, 
173, 181, 206, 208, 209, 442

drop in impedance, sudden  510, 
511, 522, 539–540, 549, 550 

near-wellbore inlet impedance 
31, 173, 206, 208, 209, 442, 
511, 517, 528, 539, 540, 546, 
549, 550 

near-wellbore outlet impedance 
31, 34, 39, 173, 180, 181, 
185, 186, 190, 206, 208, 
209–210, 234, 371, 443, 462, 
524, 564 

Phase I reservoir  46, 74, 121, 
129, 130, 131, 132, 135, 137, 
138–139, 140, 150, 151, 158, 
161, 162, 163, 164, 173, 180, 
181, 185, 186, 190, 191, 192, 
193, 194, 195, 197, 202, 203, 
206, 208–210, 214, 221, 230, 
233–234

Phase II reservoir  386, 406, 
436, 442, 443, 462, 471, 497, 
509, 510 
modeling  555 

Independent Fractures Model 
222–224

induced potential (IP) survey  114, 
129, 141, 145, 148, 155

induced seismicity (see 
) 

Ingersoll-Rand pump  481
Initial Closed-Loop Flow Test 

(ICFT)  30, 31, 397, 419, 
423–451 

 
432, 434, 435, 436, 438, 442, 
447

hydraulic characteristics of res- 
ervoir
heterogeneity  440
pressure decay  440, 441

432, 433, 436, 440, 441, 442
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Initial Closed-Loop Flow Test 
(continued)
injection pressures  425, 430, 

431, 432, 433, 435, 436, 437, 
438, 439, 440, 441, 442, 443

joint-opening pressure  440

pressure segment  432, 433, 
434, 435, 436, 438, 442, 447

near-wellbore inlet impedance 
442

near-wellbore outlet impedance 
443

operating conditions  436
potential steady-state power  437 
power production  435–436

433, 434, 435, 436, 437, 440, 
441, 442

production pressures 
(backpressure)  430, 432, 
436, 440, 441

production temperature 
434–435, 436, 437

seismicity  438–440 
surface facilities  427–429
temperature surveys  430, 

443–446, 457–458 
injection impedance  328, 343, 

362, 385, 400, 432

191, 203, 216, 224, 447, 520, 
536, 539, 540

Interim Flow Test (IFT)  501–503, 
516, 517, 523, 531, 532, 539, 
542, 549

502, 503
seismicity  549

intermediate principal earth stress 
( 2  196, 201

intersection with Phase I reservoir 
during drilling of EE-3  279, 281 

jacking pressure (see also 
)  15, 66, 75, 

77, 139, 188, 206, 329, 348, 
363, 440 

Jemez Mountains  8, 9, 10, 19, 
24, 44

joint/joint set 
characteristics  348 
dilation, nonlinear  437 
extension (of previously opened 

joints)  119, 120, 133

)
injection pressure  441, 438

aseismic 438, 441
interactions  530
manifolding  219, 329, 348, 355, 

380, 440, 444 
pre-existing network  6, 13, 22, 

30, 66, 69, 75, 78, 107, 152 
pressure-dilated  23, 66, 74, 115, 

149, 168
pressure-stimulated (see 

)
propping 

by pressure  209, 480
by spallation  370, 371, 386, 

392, 395, 405, 462
resealed  21, 22, 30, 73 
stress-closed  66 

joint closure  74, 443, 552
joint-closure stress  23, 180, 182, 

185, 186, 201, 440, 443, 552
joint-extension pressure  15, 16, 

29, 39, 66, 91, 93, 137, 336–337, 
344, 348, 363, 368–369, 381, 
401, 402, 410, 440

reservoir)  443
joint-opening pressure  15, 25, 70, 

72, 75, 93, 122, 150, 188, 240, 
328, 344, 348, 363, 380, 381, 
388, 401, 410, 440, 530 
modeled  552–553
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joint permeability  18, 21–22, 23, 
29, 66, 77, 92–93, 94, 178, 188

joint porosity  224, 414, 463, 467

laterals  31, 34, 159, 563
least principal earth stress  12, 14, 

15, 16, 23, 30, 77, 80, 92, 122, 
130, 137, 187, 201, 213, 231, 
354, 381, 401, 439, 440, 465, 
470, 562 

load-following  35–37, 500, 
507–510, 516, 518–519, 
524–525, 556, 558, 566

Load-Following Experiment (see 
also under ) 
518, 519

Long-Term Flow Test (LTFT) 
493–558
aseismic conditions  494, 495, 550
extended period of minimal 

operations  512–515

segment  500–501, 505, 531

509–511, 515, 517, 528, 531, 
532, 539, 540, 546, 549, 550, 
563, 564 
effects of wellbore spacing 

(modeled)  555
geochemistry  541–549

dissolved gases  485, 500, 
521, 542, 564 

dissolved species  541–545
Fresh-Water Flush (FWF) 

542–549 
impedance distribution  528, 555 
injection interval  496, 535
injection pump failure  500
joint-closing pressure  528–530
joint-opening pressure  528–530
load-following  558, 566

second experiment ("The 
Load-Following Experiment") 
518, 519, 524, 525, 556

Long-Term Flow Test (continued)

Test 1  497
Test 2  497
Test 3  497, 498

529–530
principal downhole seismic 

station (EE-1)  475 

Testing (RVFT)  515–519
Stage 1  516, 517
Stage 2  516, 517

production well back-
pressure  516

Stage 3  517
Stage 4  (see 

)
second steady-state production

segment  504–505
seismicity  494, 549–550 
seismic monitoring  494, 496
temperature logging 

injection well  534–535
production well  530–534

production interval  533–534
third steady-state production 

segment (see 
)

tracer studies  520, 536–541, 544
p-TSA  520, 536, 537, 539, 

540, 541, 544
reservoir volumes based on 

tracers  539

536–537
water loss  505, 525–528

trends 526

(LASL)  3
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lost-circulation zone  49–50, 52, 53, 
57, 98–99, 100, 101, 102, 108, 
243, 245, 247–249, 252, 253, 
255, 256, 263, 269, 271–272, 
275, 276, 281, 308, 385, 394, 419

LTFT surface plant  473–492 
Automated Control and 

Monitoring System  487
backpressure-regulating station 

475, 476, 477, 483, 485
chemistry trailers  491
DAT  476, 487, 488, 490, 491

gas/particle separator  476, 477, 
485, 488, 499, 521

heat exchanger  473, 476, 477, 
485–486, 488, 489
iron-carbonate scale deposits  

485
high-pressure piping  478, 482
high-pressure segment  478–482
injection pumps  480

Ingersoll-Rand  480–481
REDA  481–482

480
injection wellhead  478–479
low-pressure piping  486–487
low-pressure segment  485
makeup-water pumps  486
operations building  490
production segment  483
production wellhead  483, 484
pump house  491

water storage ponds  490
water well  490

Lynes packer 
impression  80, 108

107, 108, 121, 122, 156, 161, 
163, 312, 315–317, 341, 401, 
402, 403, 405, 412, 414

magnetic ranging experiment  140, 
142, 144

man-made HDR reservoir/
geothermal system  5, 8, 17, 19, 
23, 38, 41, 44

Massive Hydraulic Fracturing Test 
(MHF Test)  38, 314, 326, 333, 
346, 349, 350, 353, 355–386 

annulus, inner  371, 372, 376, 
381, 382, 383, 384, 385

annulus, outer  371, 373, 382, 
383, 385

blow-out  367, 369, 370, 371, 
372, 381, 382, 386, 395, 405

casing (9 5/8 in.) collapse 
371–372, 375, 376, 383, 385, 
393, 401, 423, 424, 425, 426, 
444, 453

frac-around  373, 382
frac string  362, 363, 369, 370, 

371, 372, 382, 383, 385
injection interval  355–356, 359, 

361, 366, 367, 375, 377, 382
injection pressure  356, 367, 368
injection rate  356, 364, 367, 368, 

369, 381, 383
instrumentation, downhole  358
joint-extension pressure  363, 

368–369
joint-opening pressure  363, 368
multiple-path venting  372–373 
packers  359–361, 362 
Pre-Pump Test  362–363
pumping equipment  363–364, 

365
failures  369

seismicity  366, 373–377, 378, 
379, 380, 381, 399, 439, 562

seismic network  357, 365, 366, 
374

seismic volume  377–379
maximum earth stress  12, 30, 77, 

201 
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microcracks  17, 21, 86–89, 91, 
230, 370, 371, 463, 464, 469–472

permeability  86–87
porosity  87–88

microearthquakes, range of 
magnitudes  32

microseismic activity (see also 
and  

under individual experiments) 
22, 30, 115, 119–120, 195–199, 
200, 211–213, 314, 319–321, 
324–325, 330–333, 345–346, 
349, 353, 373–378, 379–381, 
391–392, 409, 411–412, 
415–417, 438–439, 463, 
549–550, 562 

Microseismic Analysis Review 
Panel  333

modal volume  191, 215, 216, 225, 
233, 520, 536, 539, 540

multiple forked completions (see 
also )  159

multi-station algorithm (see 
)

near-wellbore inlet impedance  31, 
173, 190, 191, 206, 208, 209, 
442, 511, 517, 528, 539, 540, 
546, 549, 550

near-wellbore outlet impedance  
31, 34, 39, 173, 180, 181, 185, 
186, 190, 206, 208, 209–210, 
234, 371, 443, 462, 524, 564 

Nuclear Subterrene  5, 6, 7

Ogachi, Japan (see also 
)  27, 33, 528

open-loop circulation  220, 221, 
228, 229, 431, 475

PC-1  353, 357, 365, 366, 374, 391, 
429, 491

PC-2  353, 429, 492

penny-shaped vertical fracture  12, 
14, 43, 45, 75, 91, 152, 199, 200, 
203, 213, 313, 349, 356

permeability, matrix  9, 21–22, 23, 
29, 62, 64, 69, 86–87, 90, 91, 
92–93, 94, 178, 370, 565
stress-dependent  86–87 

permeation loss (see )
Phase I reservoir  45–46, 151–152, 

239, 354 
Phase I reservoir—original

circulation-accessible region  
186, 187

conceptual model  168–170, 175, 
187 

geometry  128, 150, 151, 152, 
160, 169

heat-transfer surface  185, 187
injection pressure  185, 188
joint-extension pressure  66, 67, 

74, 91, 92, 93, 94, 115, 133, 
137, 148, 149, 194

joint-opening pressure  66, 67, 
72, 73, 91, 92, 93, 106, 107, 
132, 139, 148, 150, 164, 168, 
188, 194, 209, 328
through perforations  76–78, 

94
joint orientations  72, 81, 91, 

94, 95, 107, 108, 119, 120, 
133–136, 149–150, 168–170, 
186, 187, 189, 191, 218 

joints, principal  124, 137, 145, 
146, 148–150, 164, 169, 180, 
192, 218

Run Segment 1  173
Run Segment 2  174–184

geochemistry  177
heat-transfer surface  174–175, 

183
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Phase I reservoir—original 
(continued)
Run Segment 2 (continued)

injection pressure  181–182
injection rate  181, 182
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