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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,
near Los Alamos, which produced the world's first and—to date—only true
HDR reservoirs. They were created in deep regions of jointed basement rock
that had subsequently been tightly resealed by the deposition of secondary
minerals (the almost universal situation where sufficient time has followed
the period of deformation that produced the jointing).

As manager of the Hot Dry Rock Project during a period that
yielded some of the most fruitful and significant technical results, I was
particularly well positioned for the task of analyzing and synthesizing the
findings from the numerous Fenton Hill tests and experiments. Over the
past twelve years, the demands of writing this book have led me to carry
out an exhaustive review of those findings and to revise and/or reinterpret
them as called for—in light of present knowledge concerning the behavior
of deep, jointed, crystalline basement rock in general and of confined,
man-made HDR reservoirs in particular.

Some readers may find the length and level of detail of certain chapters
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,
but also to serve as the complete and definitive report on the 23 years of
HDR operations at Fenton Hill—written from the perspective of one who
was deeply involved from start to finish. To facilitate the reader's grasp of
the most important events and findings, Chapter 2 has been structured as an
"Executive Summary."

Donald W. Brown
Los Alamos, New Mexico
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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
villages near hot springs? We can only imagine in what ways man first
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
heat flow. If the reservoir of hydrothermal fluid is sufficiently large, the
depths are accessible to drilling, the temperatures are high enough, and the
rock is sufficiently permeable, hot fluids can be brought to the surface for
conversion to electrical power or for direct-heating use. But areas possessing
these attributes (such as Larderello, Italy, where deep hydrothermal fluids
have been commercially exploited for electricity generation since the early
1900s) are rare. In many regions, exploratory boreholes have been drilled
to depths where temperatures were sufficiently high, but the permeability of
the rock was negligible and only small amounts of fluid were present—in
other words, the rock was hot, but essentially dry. The next logical step,
then, was to consider engineering 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
originated in the early 1970s, at the Los Alamos Scientific Laboratory (now
the Los Alamos National Laboratory) in New Mexico.! Established by the

"Much 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
Program he had embarked upon. Fortunately, we already have the first volume,
entitled The Furnace in the Basement, Part [—The Early Days of the Hot
Dry Rock Geothermal Energy Program, 1970—1973. 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.

D.W. Brown et al., Mining the Earth’s Heat: Hot Dry Rock Geothermal Energy, 3
DOI 10.1007/978-3-540-68910-2_1, © Springer-Verlag Berlin Heidelberg 2012
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U. S. Army, then transferred to the Atomic Energy Commission (AEC) in
the mid 1940s, the Laboratory? had as its primary mission the design and
testing of nuclear weapons. So how did the scientists working there become
involved in developing a unique form of renewable energy? The first
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
of igneous rock. These experiments confirmed that the energy needed to
melt rock is similar to the energy required to break and pulverize it (on the
order of 1 kcal/cm?). 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. Mclnteer, a member of Robinson's group (Armstrong et al., 1965).

’In 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.
Known as the "Nuclear Subterrene,”" this device would be powered by
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
more efficient boring of significantly larger holes (up to several meters in
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
scientific studies; and—not least—the creation of man-made geothermal
energy systems).

Fig. 1-1. The Ad Hoc Committee on Rock-Melting Drills (clockwise from
left): Don Brown, Bob Potter, Bob Mills, B. B. MclInteer, John Rowley,
Mort Smith (behind Rowley), and Dale Armstrong.

Source: The Atom, 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
was forged: Bob Potter, an influential and creative member of Robinson's
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 Journal of Geophysical Research
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 fracture? 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
to hundreds of meters into the surrounding rock. This finding, in combina-
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-
tions, hydraulic fractures could serve as underground flow paths for a heat-
mining system. Heat from the fracture surfaces would be transferred to fluid
pumped into them via the injection well, and the hot fluid would then be

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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brought back to the surface via the second (production) well—an efficient
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
rotary drilling techniques, then supplied the final link in the chain of seren-
dipitous events: they reasoned that the development and testing of an HDR
system need not wait for success in the Subterrene Program, but could
proceed in parallel, using then-available oilfield drilling equipment. Most
of the committee—and especially Potter, Mclnteer, 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
in alternative energy technologies, it was difficult to argue against the logic
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
Project would be the beneficiary, at least in terms of manpower.)
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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).*

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
fracturing. Physicists working with the group modeled the efficiency of
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
geofluid (pressurized water) to another working fluid—a so-called binary
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

“The 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
casing. (Later, to honor Eugene Robinson—the Project's financial "godfather"
in the early days, who was suffering from terminal cancer—Don Brown
replaced his name as third author with that of Robinson.)



Hot Dry Rock in Its Infancy 9

out extensive drilling and testing along a major northeast-trending fault
structure within the caldera. They did find a high-temperature hydrothermal
system, but its power-generation potential was only about 25 MW, 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,
augered holes surrounding the caldera verified this hypothesis and showed
that the western flank was particularly attractive for HDR development.
In early 1972, four deeper holes were drilled in that area for measuring
temperature gradients and heat flows. Three of these holes were located
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.

As shown in Table 1-1, the heat-flow values for the three holes closest to
the caldera (A, B, and C) were found to be uniformly high—in the range of
5-6 cal/cm? * sec (worldwide average heat flow is about 1.5 cal/cm? ¢ sec).
In contrast, the heat flow for hole D was only about one-third as high.

Table 1-1. Heat-flow values in intermediate-depth test holes

Hole A Hole B Hole C Hole D
Date completed 10Apr1972 13 Apr 1972 16 Apr 1972 18 Apr 1972
Distance from ring fault 2.0 2.4 3.0 4.5
(mi)
Depth (ft) 590 650 750 500

Heat flow (cal/cm®*sec) ~ 5.13 x 107¢ 550x10°  588x10° 220x10°

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
basis of these findings, the team selected the Fenton Hill area, just west
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.

A site in Barley Canyon, located on the arc formed by heat-flow test
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).

In the spring of 1972, the drilling of the first deep exploratory borehole,
Granite® 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
being cased to a depth of 2400 ft with 5-in.-diameter, 13 1b/ft K-55 casing,
the hole was deepened 145 ft by continuous coring. The final depth was
2575 feet (785 m), 470 ft into the crystalline basement. An examination of
the drill cuttings obtained during the first 325 ft of basement drilling (before
the casing was set) showed that the rock was primarily augen gneiss. The

3Although 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
granite, 40 ft of gneiss, and finally 55 ft of amphibolite. This first explor-
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.®

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-
flow holes. (Most of the area known at that time as Baca Location No. 1 is
currently the Valles Caldera National Preserve.)

RIO ARRIBA COUNTY

Main ring-
fracture

® Heat flow holes

Fig. 1-3. Enlarged view of the Valles Caldera area, showing GT-1 and the
four heat-flow test holes (A, B, C, and D). The dashed line delineates the
trace of the main ring-fracture.

Adapted from Smith, 1995

®As would be discovered later, all the heat-flow and temperature-gradient measure-
ments made in the Fenton Hill area were strongly affected by the hot aquifer
originating from the caldera and flowing to the west on top of the Precambrian
surface.
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The First Experiments in Hydraulic Fracturing

In early 1973, a series of hydraulic fracturing experiments were conducted—
with considerable difficulty—in the 145-ft continuously cored Precambrian
interval of GT-1.7 These first-ever "fracturing”" experiments in deep, hot
crystalline rock were intended to verify the suitability of such rocks for field
testing of an HDR reservoir.

In conventional hydraulic fracturing of sedimentary formations containing
petroleum or natural gas, a "packed-off" interval® 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 1. 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
"unflawed and homogeneous"—they made a serious error in judgment.
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
of heat from the fractured hot rock to the circulating fluid.

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 Rosemanowes’ 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

"These experiments are more thoroughly covered in Mort Smith's excellent report
on the early days of HDR, The Furnace in the Basement, Part I (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.

From 1977 to 1988, personnel from the Camborne School of Mines carried out
the first large-scale geothermal research project in Europe, in the Carnmenellis
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
the presence of these flaws in the basement rock. (For additional informa-
tion, see Properties of the Deep Crystalline Basement as They Relate to
HDR Reservoirs in Chapter 2.)
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Fig. 1-4. Originally proposed model for an HDR geothermal energy system.
Source: Robinson et al., 1971

Planned and directed by Don Brown, these first attempts to fracture the
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
setting a bridge plug just below the deepest mini-fracture and an inflatable
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 appear
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.

Both inflatable and compression-set straddle-packer assemblies were
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
on March 27—see Table 1-2) did contain structural flaws, which probably
explains why the rock in this interval fractured at a modest pressure—much
lower than would have been expected for true, unflawed crystalline rock.

None of the seven "hydraulic-fracturing" (joint-opening) events was
energetic enough to be detected by the surface array of seismic detectors.
In a final fracturing experiment (of April 4, 1973: see Table 1-2), much
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
openings. It was because these incomplete (lacking any seismic verifica-
tion) observations appeared to confirm the "vertical, penny-shaped fracture"
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

Pumping pressure,

Mean depth psi (MPa) Fluid-acceptance
Date of joint, ft (m) Breakdown Extension pressure, psi (MPa)* Rock type
7Mar 2497 (761) 1320 (9.1) o o Gneiss
1973
14 Mar 2534 (772) L 1050 (7.2) L Amphibolite
1973
19 Mar 2464 (751) 1380 (9.5) 1175 (8.10) 900 (6.0) Granite
1973
23 Mar 2545 (776) 1323 (9.12) L Amphibolite
1973
24 Mar 2428 (740) 1170 (8.1) 1015 (7.0) 925 (6.38) Gneiss
1973
27 Mar 2454 (748) 1702 (11.73) 1300 (9.0) 965 (6.65) Granite
1973
28 Mar 2444 (745) 1515 (10.44) 1250 (8.6) 920 (6.3) Granite
1973
4 Apr 2484 (757) o 1090 (7.5) o Composite
1973 (117-ft [36-m]

straddled

interval)

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
joint had begun to accept fluid. Potter at first identified this fluid-acceptance
pressure (see Table 1-2) as the joint-opening pressure, and therefore as a
measure of the least principal earth stress (G;)—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
in contact. Therefore, the initial fluid-acceptance pressure is not the joint-
opening pressure—the latter being 100 to 200 psi higher.!

At a very low injection rate, the joint-extension pressure (column 4
of Table 1-2) actually more closely approximates the joint-opening pres-
sure than does the fluid-acceptance pressure (column 5). In other words,

10This topic is discussed more fully in Chapter 3 (see in particular Fig. 3-6).
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in this region the true least principal earth stress at a mean depth of
2428 ftis 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
composite joint, at an injection rate approaching 200 gpm, the flow-induced
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

1. it would be difficult if not impossible to drill into hot crystalline rock

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.'!

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
pressurized fluid could be circulated. Some earth scientists continued to
doubt that such a system could work or that scaling problems due to mineral
dissolution could be overcome; but the GT-1 results were sufficiently
encouraging to gain financial support from the AEC for the development of
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
last until 1996. Known as the Fenton Hill HDR Test Site, it was located
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
forest fire in 1971. Not only was it high and dry—in contrast to the muddy
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
a permit to use 20 acres for HDR experiments. In late 1973, the DOE finally
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.

'Contrary 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 x 10°® 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
contain no fluids in place—by far more widespread than natural geothermal
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
hydrothermal energy. Whereas hydrothermal systems exploit hot fluids in
place in the earth's crust, an HDR system' recovers the earth's heat via closed-
loop circulation of fluid from the surface through a man-made, confined
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
in the original U. S. patent (see Chapter 1). As shown in Fig. 2-1, a first bore-
hole is drilled and used for hydraulic pressurization of the naturally jointed
basement rock—opening flow paths in the sealed rock mass. The reservoir of
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
is highly flawed—on a scale covering many orders of magnitude:
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
secondary minerals dissolved in the hot, circulating fluids. Invariably
then, the only open flaws in the basement are the microcracks>—except
in regions that have undergone recent faulting or folding.

The term "HDR geothermal system" typically refers to the pressurized, closed-
loop circulating system, consisting of the HDR reservoir, the injection borehole,
the production borehole(s), the surface piping, and the injection pumps.

2Evidence for these open microcracks in the earth's crust is given in Kowallis and Wang,
1983; Simmons and Richter, 1976; Swanson, 1985; and Wang and Simmons, 1978.
The pervasive array of fluid-saturated microcracks gives rise to the finite, but very
small (nanodarcy range), permeability of the crystalline basement.

D.W. Brown et al., Mining the Earth’s Heat: Hot Dry Rock Geothermal Energy, 17
DOI 10.1007/978-3-540-68910-2_2, © Springer-Verlag Berlin Heidelberg 2012
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Pressure-dilated
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Fig. 2-1. Present-day conceptualization of a closed-loop HDR system.
Source: HDR Project files

* 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
high-pressure fluid in the extending joints will be diverted into 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
deep, hot crystalline rock, extensively studied, and then flow-tested for
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 " and "Phase 11" reservoirs were
created at depths of 2700 m and 3600 m, and temperatures of 180°C and
240°C, respectively. During the flow testing, thermal power production
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.)

Of the many insights gained during the creation and flow testing of the
two HDR reservoirs at Fenton Hill, the most profound are these two:

1. An HDR reservoir is confined. This means that except for a small—
and slowly decreasing—pressure-dependent diffusion of fluid from its
boundaries, the reservoir of pressurized fluid is totally contained.

2. An HDR geothermal system is fully engineered. By "fully engi-
neered,” we mean that every aspect of the system—including the injec-
tion and production wells, the HDR reservoir, and the pressurized flow
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
successful field demonstrations at Fenton Hill.

Resource type

358 900 | Fossil

Fissile
4300

344 000 | Fissile with breeder

130 000 | Hydrothermal

Geothermal
540 000 | Geopressured energy

sources
(LU Hot Dry Rock
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103 10° 107 10° 10™M 103 Quads

1.5x 10'3 | Fusion

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

Figure 2-3 presents a simplified geothermal gradient map for the U. S.
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 ubiquitous.

The size and distribution of the U. S. HDR resource are adequately
discussed in two recent publications: Assessment of Moderate- and High-
Temperature Geothermal Resources of the United States (USGS, 2008) and
The Future of Geothermal Energy (MIT, 2006). Suffice it to say that the
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
it took so long for the country to finally discover HDR.
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Fig. 2-3. Geothermal gradient map of the U. S.
Source: Kron et al., 1991

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
of pressurized fluid from the boundaries of the pressure-stimulated reservoir
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
the nanodarcy range at depths of 3—4 km (Brown and Fehler, 1989; SKB,
1989). On the basis of core studies, this very small, but finite, permeability
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
natural modification, through two competing processes: (1) fracturing (due
to deformation), which tends to open fluid conduits such as joints, faults,
and breccia zones; and (2) sealing/healing of such permeable features. As
hot fluids move through joints or faults in deep crystalline rocks, changes in
the chemistry and temperature of the fluid can cause minerals to be precipi-
tated. The accumulation of these minerals over time in joints or faults can
reduce, and finally essentially stop, fluid flow. These sealing processes vary
with depth (and therefore temperature and stress conditions), mineralogy,
and fluid composition (Khilar and Folger, 1984; Carter, 1990). Heat-
induced stresses can have similar effects, causing joints to close and thereby
impede fluid flow. Other causes of reduced joint permeability include the
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
how the reservoir develops. Knowledge of the orientations of the one or
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.
The orientations of the fluid-conductive joints within the HDR reservoir
region will be determined after the reservoir is created, through analysis of
microseismic data in concert with flow-testing results and post-stimulation
borehole surveys.
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The orientations of the several sealed joint sets relative to the contem-
porary stress field will determine which joints open first and at what pres-
sures, how the pressure-dilating region will develop, and what the ultimate
geometry of the HDR reservoir will be. The confined (pressure-tight) nature
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
the reservoir. Most important, the pressure of the circulating fluid would
hold open—against the joint-closure stresses—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:
Influence of the Valles Caldera

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
rock at Fenton Hill has been affected by heat and pore fluid diffusing radi-
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
heat flow. (In other respects, Fenton Hill is not very different from many
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
flowing west from the caldera on top of the Precambrian surface.

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
rock, pressurized fluid can slowly diffuse into and then open them against
the joint-closure stress.
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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

The Paleozoic sediments on top of the Precambrian surface were signifi-
cantly altered by the hydrothermal outflow coursing westward from the
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
high concentration of dissolved hydrogen sulfide (H,S) in the pore fluid.
Diffusing outward through the joint-filling materials, the H,S 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 CO; and H,S in the pore
fluid would more than compensate for the need to drill to greater depths to
reach rock of temperatures equivalent to those at Fenton Hill.

A True Hot Dry Rock Reservoir is Confined

That a true HDR reservoir is confined is probably the most profound insight
garnered from the 21 years of HDR research at Fenton Hill (Brown, 1999;
Brown, 2009). What confines a true HDR reservoir region is the inherent
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"
concept). A confined HDR reservoir exhibits two characteristics not found
in open, hydrothermal systems:
1. Water loss is extremely low, as has been verified experimentally.
For example, Fig. 2-5 shows the water-loss profile from Expt. 2077,
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-
displacement pump. As shown in the figure, the rate of water loss from
this reservoir (a seismically determined volume of 0.13 km®) decreased
continuously over this time, to a final rate of about 2 gpm—Iess than
the flow from a garden hose. If the Phase II reservoir had been open, the
water loss, instead of decreasing, would have stayed relatively constant.
(Note that the method of reporting HDR water loss as a percentage of
production flow is nonsensical. Water loss is a function of the pressure
at the periphery of the reservoir, which is not particularly related to the
flow rate.)
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
injected water. If the stimulated region had been open instead of confined,
the increase in seismic volume would have flattened out with increasing
injection volumes (as often occurs with hydro-frac operations in the oil
industry).
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Fig. 2-5. Water-loss rate vs log (time) during the 15-MPa pressure plateaus
of Expt. 2077 (diffusion of pressurized water to the far field).
Source: Brown, 1995b

80

60

40

20

Seismic volume (x 1 000 000 m?)

1 1 1 1 1
00 10 20 30

Volume of fluid injected (x 1000 m?)

Fig. 2-6. Linear relationship between seismic volume and volume of
injected fluid.
Source: Brown, 1995b



A True Hot Dry Rock Geothermal System is Fully Engineered 27

A True Hot Dry Rock Geothermal System is
Fully Engineered

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
both within volcanic calderas and associated with open, fluid-conductive
fault and/or joint systems, making them kot wet rock, or HWR, geothermal
systems.? 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-

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

3s0 named by the Japanese in the early 1990s.



28  Chapter 2 » The Enormous Potential for Hot Dry Rock

It appears that the "HDR" projects in the Cooper Basin of Australia are
also open and unconfined. And the European "HDR" project at Soultz-
sous-Foréts (Alsace) was renamed an enhanced geothermal system (EGS)
project in 2001. In two extended flow tests, this system achieved only about
a 30% recovery of injected fluid—highlighting the very open nature of the
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
question are not confined, none of these systems is fu/ly 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

* Size of the HDR reservoir, by specifying the amount of fluid injected
» Reservoir injection pressure and flow rate

* 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 next 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 40°C/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
from groundwater flows in the sediments above the basement)
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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
(3400 to 4900 m). Only at such depths is it possible to (1) attain sufficiently
hot temperatures for good commercial viability* and (2) ensure that the rock
beyond the periphery of the HDR reservoir would remain tightly sealed,
and therefore that the reservoir would be confined.

Drilling of an Injection Borehole

An injection borehole would be drilled to a depth at which the rock temper-
ature is suitable for the generation of electricity. This first borehole would
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.’

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
maximum flow rate of 5 BPM) and superlative instrumentation would be
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
which the most favorably oriented joints start accepting fluid)
* the asymptotic joint-extension pressure
* the presence of any open faults
* the orientation of the fluid-accepting joints (through pre- and post-test
Schlumberger FMI logs)

“At a mean depth of 14000 ft and with a temperature gradient of 40°C/km, the
reservoir temperature would be about 180°C.

SHigh-temperature/pressure inflatable packers, used to isolate the open-hole portion
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 km?) region of pressure-dilated rock.

Via the injection well, fluid pressure is used to open a multiply inter-
connected array of pre-existing but resealed joints within the rock mass,
such that a series of flow paths is formed that traverse the reservoir. These
flow paths will later be accessed by the production wells. The flow imped-
ance of each of these individual paths may be relatively high, but their
aggregate impedance, as they carry fluid across the HDR reservoir, will be
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
delineates the boundaries of the reservoir) as well as significant features
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
would be ellipsoidal in shape. This is because the stress field at depth in
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
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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 MWy,. But had a second production
well been drilled into that southern portion of the reservoir, it is estimated
that at least twice that—20 MW;;,—would have been available from this
HDR reservoir.

This elongated reservoir shape suggests that the best configuration for
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.

The productivity of the reservoir is directly dependent on the flow imped-
ance, or degree of resistance to flow through the reservoir (a concept unique
to HDR geothermal energy). Flow impedance is usually expressed in units
of psi/gpm or MPa per L/s. The overall flow impedance of the reservoir
has three components: the body impedance (across the greatest extent of
the dilated reservoir), the near-wellbore outlet impedance (near the produc-
tion wellbores), and the near-wellbore inlet impedance (near the injection
wellbore). These are discussed further in Chapter 4. With higher injection
pressures, the principal flow paths across the reservoir would be further
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

The completed HDR geothermal system would be flow-tested to determine
the optimum production flow rate. Test parameters would include the avail-
able range of injection and production pressures. In the event that the cumu-
lative flow rate from the production wells is too low, pressure/temperature
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
from the University of Nevada, spent five weeks investigating the fault
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]).

Dr. Slemmons reported his findings in a Los Alamos National Laboratory
publication (Slemmons, 1975). On the basis of low-sun-angle photography
augmented by field studies, he confirmed the presence of the known faults
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
in 1983 (on the basis of arrival times recorded by five downhole geophone
stations), the range of magnitudes was —3 to 0 (House et al., 1985). It is
the confined nature of the reservoir in an HDR system that explains the
greatly reduced seismic risk vis a vis "enhanced" hydrothermal reservoirs.
Only within the pressurized envelope 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
Basin in Australia) carries a significantly higher risk because of the open
(unconfined) nature of these systems. As an example, such a pressure-stimu-
lation was recently attempted at Basel, Switzerland, within the southeastern
margin of the Upper Rhine Graben—an area of "elevated seismic activity."¢
To enhance hydrothermal flow in the deep granitic basement, 11 600 m® 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
5000 m, was about 195°C. With injection pressures finally reaching as high
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 could 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
higher than those routinely used during flow testing of the Phase II reservoir
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

%In 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 MWy,. 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 MWy, 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
power from HDR geothermal resources, considered both open (flashed-
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
geofluid (the fluid being maintained at a pressure sufficient to ensure that it
remains liquid) is transferred via a heat exchanger to vaporize a secondary
working fluid, which is then expanded through a turbine, producing
mechanical power. The secondary working fluid is next condensed in a
cooling tower or an air-cooled heat exchanger, repressurized, and returned
to the primary heat exchanger to be reused.

Milora and Tester (1976) considered seven possible working fluids
for a binary-cycle system. The variation in thermodynamic availability
of each of these as a function of temperature, over the range of probable
geofluid production temperatures from 100°C to 300°C, is shown in their
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
analysis, ammonia appears to be the best working fluid.

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 productivity must await pre-operational flow testing of the
reservoir, which would be carried out before a binary-cycle power plant is
constructed. During this flow testing, several proposed methods of produc-
tion enhancement would be evaluated.

Using an HDR Reservoir for Load-Following

A very significant experiment was conducted in July of 1995, near the
end of the long-term flow testing of the Phase II reservoir (see Chapter 9).
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).’

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-
tion flow (maintained through a controlled decrease in the backpressure—to
a final value of 500 psi). The last two of the six 24-hour cycles are shown in
Fig. 2-8.

"Only a few weeks after this experiment all flow testing was halted, and at the end
of the fiscal year the DOE terminated the HDR Project.
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Fig. 2-8. Injection and production flow profiles vs the controlled variation
in the production well backpressure during the last two daily cycles of the
Load-Following Experiment (1995).

Source: Brown, 1996a

During the 4-hour portion of the daily cycle, the production flow rate
was increased by a constant 60%. With the associated 10°C increase in
the production fluid temperature, the overall power level achieved was
65% higher than that of the preceding 20-hour period of steady-state
operation.

As shown in the figure, for each cycle the production well backpressure
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
2400 psi) and the final pressure could have been dropped to near 182 psi (the
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
of additional pressurized fluid within the reservoir. In essence, during the
Load-Following Experiment at Fenton Hill, a portion of the high-pressure
reservoir fluid stored near the production well was being vented down



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
was reinflated by injection at a somewhat higher rate (the rate gradually
returning to its previous steady-state level during the subsequent 20-hour
period).

Note: During flow testing of the Phase II reservoir, it took only about
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
utility's need to draw on its natural-gas-fired "spinning reserve" during
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
any 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
of 2 cents/kWh, which could markedly change the profitability of an HDR
power plant.

The pumped storage aspect of this experiment was not particularly
emphasized at the time. The experiments at Fenton Hill suggest that upon
reinflation, the region surrounding the production well behaves like an
elastic spring, storing pressurized fluid for delivery the following day.
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
the 20-hour reinflation phase—the supplemental store of pressurized fluid
thus created turning the HDR reservoir into a kind of "earth battery." Most
of this excess pressurized fluid could be recovered the next day in the form
of increased power generation for peak demand periods. In other words,
the reservoir could be hyper-inflated to a mean pressure level above that
used for steady-state operation, enabling a greater quantity of pressurized
fluid to be stored during the off-peak hours. The quantity would be limited
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
Los Alamos National Laboratory and the field experiments at Fenton Hill
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:

» Controlling growth of the reservoir region. 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.

* Preventing chemical scaling. After years of flow with hot, mineral-
laden water through the mild-steel, air-cooled heat exchanger, only
a very thin—and actually protective—coating of iron carbonate
was found (possibly owing to the injection of fine-grained calcium
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.

» Creating sufficient reservoir volume for a commercial-scale opera-
tion. The Phase Il reservoir at Fenton Hill had a circulation-accessible
volume of at least 20 million m*—sufficient for the continuous
production of at least 20 MW of thermal energy for at least 10 years
with very little thermal drawdown. In addition, if sufficient heat-
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.

» Achieving higher productivity. 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
rate is dependent on the flow impedance ("I" in the following equa-
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)

production flow rate
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Reservoir productivity is particularly closely linked to the near-
wellbore outlet impedance (see also the discussion of flow imped-
ance in Chapter 4). This impedance can be significantly reduced by
operating the production wells at an elevated backpressure, which
keeps the reservoir flow outlets partially dilated. These outlets would
otherwise be held almost closed by the combination of the wellbore
stress concentration and the decreasing differential pressure® as the
flow converges to the production wellbores.

o "Short-circuiting” of flow within the reservoir. This concern was
allayed by very favorable data from the Long-Term Flow Test of the
deeper reservoir (1992-1995). Tracer testing showed that the flow
patterns became more diffuse with time, suggesting that more of the
reservoir was being accessed as flow continued—with no tendency
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
flowing joints relative to the earth stresses—something that cannot (as yet)
be discerned from borehole observations nor, assuredly, from the surface!
Although microseismic observations are essential to understanding HDR
reservoir development, there is much more to do in this field—particularly
in understanding/discerning that portion of the induced seismicity that is
specifically related to the opening of the joints that constitute the principal
flow paths.

8This differential pressure—the difference between the pressure of the circu-
lating fluid acting to open the joints and the normal stress acting to close
them—rapidly declines from its positive value in the body of the reservoir to
a neutral and finally a negative value as the flow converges to the reservoir's
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
determined) ellipsoidal volume. To first drill two boreholes, and then try to
connect them by hydraulic pressurization, is almost impossible. (The reason
for drilling rwo production wellbores is twofold: First, to markedly increase
productivity by much more fully accessing the reservoir; and second, to
permit even higher reservoir operating pressures to further dilate the flowing
joints and further reduce the body impedance, while constraining additional
reservoir growth.)
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Chapter 3

Phase | Drilling and Initial Attempts to Establish
Hydraulic Communication

The world's first demonstration of the hot dry rock (HDR) geothermal
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 15000 ft (technical
specifications, such as hole diameters and pipe sizes, were included to
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

D.W. Brown et al., Mining the Earth’s Heat: Hot Dry Rock Geothermal Energy, 43
DOI 10.1007/978-3-540-68910-2_3, © Springer-Verlag Berlin Heidelberg 2012
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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;
» using proven oilfield techniques of hydraulic fracturing to create a
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
more difficult than "hitting the broad side of a barn." Little did we know!)

The HDR concept published in 1972 was kept general for a very specific
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
site to be specified. As described in Chapter 1, that same year the nascent
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
basis of regional geology and heat flow measurements in this region, they
drilled the first exploratory borehole (GT-1), in Barley Canyon, to a depth
of 2575 ft. The encouraging results obtained from GT-1 then led to selec-
tion of a nearby site for long-term HDR experiments. '

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-
ized-fluid injection testing would be done in a second borehole (Granite
Test Hole 2, or GT-2), at several depths. From the beginning, GT-2 was
envisioned as an exploratory borehole—Ilike GT-1, but considerably
deeper (4500 to 6000 ft). It would be used, first, to confirm the suitability
of Fenton Hill as the location for the world's first man-made heat-mining
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).

IThis 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

The GT-2 borehole was the first to penetrate deep into the hot
Precambrian basement rock at the Fenton Hill HDR test site. But as
HDR Project priorities shifted, there were some significant departures
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
made that GT-2 would become the injection well for the first-ever
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.

When GT-2 was completed on December 9, 1974, its final depth
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.

There were two primary reasons for this change in strategy: first,
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
was that the creation of a deeper inlet for circulating fluid appeared to
offer a better flow/heat-transfer situation. According to the concept of

45
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Fig. 3-1, the inlet fluid, being cold, should "fall" by gravity to the
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 away 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-
coupled acoustic ranging experiments were performed. Further confir-
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
these efforts, the flow impedance achieved—24 psi/gpm (2.6 MPa
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)
when the multi-joint flow connection between the boreholes became
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
The original plan for the GT-2 borehole was that it would have a final depth
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 completed on October 13, 1973. The Q-Division office reviewed the
final plan (Fig. 3-2) and delivered it to the Laboratory Supply and Property
Department on November 21. The successful bidder was Calvert Western
Exploration Co. of Tulsa, Oklahoma.

Ground elevation (8689 ft)

0ft E—— -
Volcanic tuff Wl . .
— 60-ft-deep, 26-in. drilled hole;

(Cenozoic)

400 ft 20-in. conductor pipe

Abo Formation

(Permian)
1300 ft
—— 12 1/4-in. hole drilled with mud;
Madera Limestone 10 3/4-in. casing
(Pennsylvanian)
2050 ft
Sandia Formation
(Mississippian?)
2350 ft
Granitic basement rocks —— Bottom of casing, 2600 ft
(Precambrian) (~115°C)*

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

*Temperatures are
extrapolated from
GT-1 measurements

L] TD, 4500 ft to 6000 ft
(~177°C to ~200°C)*

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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This "final" plan, however, would turn out to be only the first of three
stages of development of GT-2 (Table 3-1). In the end, budget and time
considerations would dictate a number of modifications.

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;

* the nature of the joint fill materials;

* porosity and permeability (inferred from laboratory testing that
replicates the in situ state of stress); and

* the nature and geochemistry of potential rock—water interactions.

InfoNote

In retrospect, the priority given to coring in the drilling plan was unjustifi-
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
materials are not truly relevant to reservoir development and flow performance
(for example, whether the rock matrix is granite, diorite, or amphibolite affects
the behavior of the reservoir only minimally). The physical properties that do
influence reservoir development and flow are those of the rock mass, which are
controlled primarily by the nature and orientations of the principal joint sets.
The most important of these properties are overall permeability and compress-
ibility, which determine how flow through the network of joints will change
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.

Most of the information on the first stage of drilling and the extensive
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),? 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.

Unless 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
the addition of lost-circulation materials to the drilling fluid and two
cementing operations, it was evident that further efforts would probably not
be successful.* 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,
with a Baker cement shoe installed at the bottom and a Baker float collar
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
Formation and a significant portion of the interbedded red clays in the
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
drilling fluid used with it. Because the original plan had called for air to be
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.* The drilling fluid, an emulsion of soap,
bentonite, and Gel-Foam having the consistency of a milk shake and a density
of about 1 Ib/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-
icant inflows of water. (What had previously been a loss zone turned into a
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
drilling fluid) without plugging them up would in no way seal off severe loss
zones of the type encountered at Fenton Hill.

*The 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
addition, just above the Precambrian surface a much more significant hot
"aquifer" was encountered. Like the one some 400 ft higher, it appeared
to be flowing toward the west, supplied by hot geothermal fluids from
the Valles Caldera ring-fracture just to the east. Over time, this flow had
washed out large cavities in the limestone that probably measured several
feet across.

Drilling proceeded into the crystalline basement rock, but inflow of
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
planned deep string of 10 3/4-in., K-55 casing (45.5-1b/ft) was run from
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
float collar at a depth of 2404 ft. The float collar was installed this high
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.’> 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
calculated to leave about 30 ft of cement above the float collar, such that
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
was used (with air) to drill out, first, the cement and the plug on top of the
float collar; then the float collar; then the cement remaining in the casing
between the float collar and the cement shoe; next the cement shoe; and
finally any cement and debris remaining at the bottom of the hole. To
ensure that the hole was in good shape for the upcoming coring operations,
it was then deepened to 2547 ft.

SThe 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
the problems posed by these loss zones according to their previous oilfield
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
string just above it, then loading the drilling fluid with lost-circulation mate-
rial as this zone was being traversed. The massive loss zone immediately on
top of the Precambrian surface (2380-2400 ft) was much more difficult.
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,
and if possible 6000 ft. The specified core bit was a type developed for
the JOIDES (Joint Oceanographic Institutions for Deep Earth Sampling)
program® and used to drill deep-ocean-floor basalts, somewhat softer
and more easily drilled than the granitic rocks at Fenton Hill. The Smith
Tool Company manufactured fifteen JOIDES-type 9 5/8-in. core bits for
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.
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Fig. 3-3. The JOIDES-type core bit manufactured by Smith Tool Company
for the Fenton Hill HDR Project. Source: Pettitt, 1975a

SDarrell Sims, while working at the Scripps Institution of Oceanography in La Jolla,
CA, was instrumental in designing the JOIDES coring system for the Glomar
Challenger (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.
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To provide the additional clearance needed for wireline retrieval of
the core barrel—without having to break out the Kelly after each coring
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
(which turned out to be a wise move). The first two trial runs had actu-
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.
Two more trial runs took place in the Precambrian basement, the first from
2547 to 2580 ft and the second from 2580 to 2600 ft. After each run, the
Kelly was broken out and a wireline was run through the drill pipe to latch
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 Stage I Coring, below), it appeared that continuous
coring would not work in the Fenton Hill Precambrian basement—despite
an "on-the-fly" redesign of the core-barrel/bit interface by Laboratory engi-
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
even after these two modifications, the JOIDES coring system was just not
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 9IS 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
rocks. Specifically designed for air drilling, these bits were fitted with hard-
ened, open bearings that were both cooled and flushed clean of cuttings
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
flowing through the jets.

Drilling with air progressed rapidly in the crystalline basement, inter-
rupted by four more coring runs and several cementing operations to repair
zones of excessive water inflow. On April 23, when the drilled depth had
reached 3542 ft, water was being produced from the hole at such a rate
(estimated at over 400 gpm) that the settling pond was close to overflowing.
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 source of the inflow and suggesting instead that the water was coming
from the brackish aquifer above the granitic surface and was flowing around
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
this was enough to fill the packed-off interval two times over, it would later
be determined that the cement had flowed around the bridge plug and on
down the hole.

The drill pipe was removed and the residual cement, which filled the hole
from 2400 ft down to the bridge plug, was drilled out; but before the bridge
plug was broached, water began flowing into the hole at such a rate that air
drilling could not continue. Following another attempt to cement off the
water inflow (still assumed to be coming around the bottom of the casing),
the hole was cleared of cement and the bridge plug was drilled through.
The hole promptly filled with water again, to a level of about 1700 ft—
indicating continued flow communication with the aquifer above the
granitic surface. It now appeared probable that the open-hole bridge plug
had not held against the differential fluid pressure—in excess of 1500 psi—
exerted during the squeeze cement job and the subsequent air drilling.

Efforts now focused on looking deeper to locate the source of the water
inflow. An inflatable Lynes open-hole packer was run in on drill pipe and
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 below 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
drill pipe, filling the bottom portion (from 3542 ft up to 3119 ft). Once set,
the cement was successfully drilled out with air. The hole was then deepened
to 3556 ft, but once again it filled with water. The fact that the deep cement
plug had effectively sealed off the water until it was drilled out demonstrated
conclusively that the route of the inflow was not around the bottom of the
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
fine drilling cuttings were slowly sealing the open fractures. A comprehen-
sive suite of temperature logs run by the Laboratory yielded a temperature
profile without significant perturbations, signifying that the borehole was
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—
both with disastrous results. In the first attempt, on May 9, cement formulated
to set in 1 3/4 hours at 26°C was pumped in through open-ended drill pipe
and ended up "flash-setting" in the drill pipe in only 19 minutes! Twenty-nine
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
flowing out of the hole at about 3600 ft (a caliper log run several weeks later
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
the bottom of the drill pipe was positioned below the major inflow zone
between 3550 and 3600 ft, and there was a large pressure differential
between the cement in the borehole and the underpressured inflow zone, the
drill pipe was "sucked" against the borehole wall—a phenomenon known in
the drilling industry as differential sticking. 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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the outside of the pipe was cemented in the hole, and a fishing job ensued
("fishing" is drilling parlance for the removal from the hole of any damaged
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"
and then unscrewed, hard cement was finally encountered in the annulus at a
depth of 3556 ft. By May 28, this cement had been laboriously reamed out of
the annulus (with washover pipe fitted with a variety of cutter faces, including
diamonds), slowly freeing the remaining drill pipe, section by section.
Finally, the hole having been cleared, air drilling began again and reached a
new depth of 3814 ft. But water was still flowing in at a rate of between 60
and 70 gpm—primarily because neither of the squeeze cementing jobs had
been successful in sealing off the open fault intersections with the borehole.’

Note: It was only much later, during flow testing of the Phase I reservoir,
that the true nature of the "flowing fractures" traversed by the GT-2 bore-
hole in the upper crystalline basement became apparent. With production
approaching 400 gpm under modest air-drilling differential pressures, the
inflow must have been through open fault zones—not through unsealed, but
tight, "fractures" in the basement rock. To produce this amount of water, the
en echelon 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

"In 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
borehole, the closed joint will act as a sieve, filtering out the cement particles
from the slurry; as the water passes through, it leaves a thick buildup of
dehydrated cement at the joint entrance.
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actual field conditions. Two successive drilling runs were carried out with
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 44 000 1b 45000 Ib

(weight on the bit)

Drilling speed (rpm) 40 44

As drilling proceeded, fluid continued to be lost into the fault zones, most
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
drilling fluid. Eventually, the water loss decreased from several tens of gpm
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
first reconfigured JOIDES coring bit and the modified coring assembly were
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 Ib, 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
drilling rate was closely monitored. If a significant fall-off from the average
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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).

Following the two final coring runs, Stage 1 drilling was completed on
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.

Table 3-3. Major Stage 1 drilling runs in the GT-2 borehole

Average
Drilled  Drilling penetration
Drilled depth, interval, time Rock Drilling rate, ft/h
ft (m) ft (m) (h) type medium  (m/h)
2857-3147 290 27 Monzogranitic gneiss, Air 10.7
(871-959) (88.4) biotite-granodioritic 3.2)
gneiss
3182-3463 281 32.5 Monzogranitic gneiss, Air 8.6
(970-1056) (85.6) biotite-granodioritic (2.6)
gneiss
3814-4013 199 39 Monzogranitic gneiss ~ Air 5.1
(1163-1223) (60.7) (1.6)
4013-4270 257 42 Monzogranitic gneiss, Water 6.1
(1223-1302) (78.3) monzogranite (1.9)
42794556 277 49.5 Monzogranite, Water 5.6
(1304-1389) (84.5) monzogranitic gneiss (1.7)
45564835 279 60.5 Monzogranitic gneiss, Water 4.6
(1389-1474) (85) granodioritic gneiss (1.4)
4921-5234 313 65 Monzogranitic gneiss, Water 4.8
(1450-1595) (95.4) biotite-granodioritic (1.5)
gneiss, biotite-tonalite
gneiss
5240-5479 239 51 Monzogranitic gneiss, Water 4.7
(1579-1670) (72.8) biotite-granodioritic (1.42)
gneiss
5669-5979 310 55.5 Monzogranitic Water 5.6
(1728-1822) (94.5) gneiss, hornblende- 1.7

biotite schist,
amphibolite
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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

in this figure is more generalized than the petrographic information given in
Tables 3-3 and 3-4.)

The very pronounced "knee" in the gradient profile at the top of the
Precambrian (2404 ft) illustrates the magnitude of the hydrothermal outflow
from the caldera. At this depth, the convection of heat into the overlying
sedimentary rocks from this flow effectively doubled the gradient to the
ground surface—from just over 60°C to about 120°C. The dashed line in
the figure represents the 60°C gradient.

During the air drilling of GT-2, the production of hot fluid from this
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
aquifer, flowing westward on top of the Precambrian surface, shows what
a prolific—albeit low temperature—geothermal resource had been tapped
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.

Table 3-4. Stage 1 coring runs in the GT-2 borehole

Core bit

Coring Cored interval, = Recovery (J=JOIDES type;

run ft (m) (%) C=Christensen) = Rock type

1 2078-2098 258 J Clay, limestone chips
(633-640)

2 2248-2258 502 J Shale, limestone chips
(685-688)

3 2547-2580 358 J Leucocratic quartz
(776-786) monzonite®

4 2580-2600 333 J Leucocratic quartz
(786-793) monzonite®

5 283 1-2844 30 J Granitic?
(863-867)

6 2844-2857 20 J Quartz monzonite*
(867-871)

7 3151-31382 20 J Biotite granodiorite®
(960-970)

8 3464-3476 17 J Leucocratic quartz
(1056-1060) monzonite®

9 3694-3705 100 C Leucocratic quartz
(1126-1129) monzonite®

10 42784285 85 C Leucocratic
(1304-13006) granodiorite and quartz

monzonite®

11 4892-4897 100 C Biotite trondhjemite,

(1491-1493) leucocratic granodiorite,
and quartz monzonite®

12 4915-4921 100 J Leucocratic quartz
(1498-1500) monzonite®

13 5234-5240 38 J Quartz monzonite,
(1595-1597) granodiorite®

14 5487-5492 90 C Quartz monzonite®
(1672-1674)

15 5654-5660 92 J Hornblende biotite
(1723-1725) schist®

16 5980-5986 100 J Hornblende biotite
(1823-1825) schist®

17 6150-6156 66 J Quartz monzonite®
(1875-1876)

18 61566162 100 J Quartz monzonite®

(1876-1878)
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Table 3-4. (Continued)

Core bit
Coring Cored interval, ~ Recovery (J=JOIDES type;
run ft (m) (%) C=Christensen) Rock type
19 6344-6350 16 J Granodiorite®
(1934-1936)
20 6350-6356 5 J Granitic chips®

(1936-1937)

 Core barrel retrieved via wireline
Determined from petrographic examination of thin sections
¢ Determined by hand examination

Source: Pettitt, 1975a
Note: These core samples were later re-evaluated and the gneissic textures described. The
information in Table 3-3 and Fig. 3-4 reflects the later data.

As discussed above, many mechanical difficulties were encountered with
the modified version of the wireline core-retrieval system developed for
the JOIDES program. The primary modification was to enable the coring
assembly—which for the JOIDES program was normally dropped from the
surface into a water-filled borehole—to function in the air-drilled GT-2 bore-
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
with the JOIDES bits (Runs 7 and 8)—with even poorer results. Upon reflec-
tion, Darrell Sims recalled that the deep ocean basalt cores obtained from
the Glomar Challenger (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
motion, a full-diameter blade stabilizer was custom-designed to fit directly
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
(ca. 146°C) attained during the first stage of drilling of the GT-2 borehole
(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,
through which large amounts of water flowed into the borehole.

An oilfield method of measuring borehole permeability known as drill-
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
potential production intervals from the borehole fluids and then actually
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
portions of the borehole). Unfortunately, from start to finish the tests would
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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
configuration (one packer above and one below the test zone), with the
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,
by providing a path for flow as the packers were compressed and set. In
addition, this feature gave an immediate indication if the lower packer
failed during a pressurization test: fluid broaching the lower packer from
the pressurized interval would flow upward via the tube into the annulus
above the upper packer, thereby forcing fluid in the annulus to flow out at
the surface.

For the first few tests, packers having a diameter of 8 1/2 in. (216 mm)
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
fittings by drill cuttings—were corrected in later stages.

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
were installed the upper packer and the multi-flow evaluator (MFE). The
thus-modified drill-stem test assembly was lowered into the hole until it
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.
The drill pipe, which had been run in empty, was now partially filled with
water to prevent steam blowoffs, and the main control valve in the MFE
was opened to allow water from the formation to flow into the interval
between the packer and the bottom of the hole. Following the tests, a
0.66-gal. sample of fluid was trapped in the MFE sampler chamber and
brought to the surface for analysis. The results showed that this fluid was
not reservoir "pore fluid," but rather some of the borehole fluid pumped
from the surface when the drill pipe was partially filled with water.
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Unfortunately, none of the 16 drill-stem hydrology tests yielded any
definitive results—only evidence that all the tested intervals appeared to
be very tight. Indeed, because the basement rock was so tight, no measur-
able reservoir pore fluid was produced during any of the tests, even after a
number of attempts to modify the straddle-packer configuration. However,
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
fractured at reasonable surface pressures and to measure the amount of fluid
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 GT-2 borehole differed in two significant ways from that of GT-1: first,
the diameter of the granitic section was much larger—9 5/8 in. as compared
with only 4 1/4 in.—making packer sealing considerably more difficult;
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 | 2775-2865 ft (843-873 m)
Zone 2 26002680 ft (793-817 m)
Zone 3 4730-4880 ft (14421487 m)
Zone 4 4880-5020 ft (1487—1530 m)
Zone 5 5314-5394 ft (16201644 m)
Zone 6 46175153 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
"double straddle" configuration—two packers above and two below the test
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
the HDR Project was used for fluid injection, the original unit of measure-
ment for the flow rate was gpm (gallons per minute), whereas when rental
pumping equipment was used, the unit of measurement was BPM (barrels per

minute—1 BPM =42 gpm).

as

Figure 3-5 shows the depth at which each fracturing test was carried out
well as the type of packer used (plotted by date of test).
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Fig. 3-5. Stage 1 fracturing tests in GT-2 with mechanical and inflatable
packers, plotted by date of test.
Source: Blair et al., 1976
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The first test took place August 6, 1974 (in Zone 1). Not only did the
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-
sure overshoot, reflecting the fracture "breakdown" point. This often-
observed phenomenon is represented schematically in Fig. 3-6, along with
a typical pressure profile observed during reinflation. The latter deviates
from the straight-line compressibility curve for the water in the frac string

at the point where the reclosed joint just starts to accept fluid—i.e., at this
pressure, the stress-closed joint first becomes slightly permeable. However,

only with additional pressurization does the joint actually jack open against
its closure stress. This phenomenon was first observed during the hydraulic

fracturing experiments in GT-1 (see Chapter 1).

"Breakdown" pressure

Pylr-mmmmmmmaaes
~50 psi
Initial profile
Extension (growth) pressure
) P2 -------------------- i
5
a Joint completely "jacked" open
1]
o . . )
Reinflation profile
(joint dilating, but not yet open)

Pressure at which joint first starts accepting fluid

upon reinflation

P, — P, = tensile strength of resealed joint

Time

(Start of pumping)

Fig. 3-6. Conceptualization of the pressure overshoot at the initiation of
a "fracturing”" event (opening of a resealed joint) and the pressure profile

during subsequent reinflation of the joint, both at a constant rate of injection.
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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—I111 psi—was
interpreted as representing the tensile strength of the joint-filling material.
This overshoot was too small to reflect the creation of a fresh hydraulic
fracture in unflawed granitic rock, considering that the rock at the borehole
wall would have had a breakdown pressure of at least several thousand psi
(according to laboratory tensile-strength testing). This first "fracturing" test
was terminated by flow around the packer, as would be all the others in
this series.

Following this first successful "fracturing" test, the Johnston straddle
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
were fitted with flexible, hard-rubber elements (90 durometer). Softer
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
Zone 5 with Brown Oil Tool inflatable packers in a straddle configuration.
But the packers either burst or leaked when inflated, prompting a return to
the Johnston packers for the next four days of testing.

Finally, a series of pressurization tests was carried out in Zones 5 and 6
(August 26-30 and September 2, 1974) with Lynes inflatable packers, again
in a straddle configuration. On August 30, with the packers centered at a
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
(Fig. 3-7), the predominant impressions are of two calcite-filled joints
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
give no clear indication of joint inflation). Because of the repeated failure
of the packers to satisfactorily hold pressure, this joint and the one opened
on August 6, during the first brief fracturing test, were the only two clearly
defined joints opened during these open-hole tests.
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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
elements for additional hydraulic fracturing attempts, the field engineers
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 ¢) and Blair et al. (1976).



Planning, Drilling, and Testing of the GT-2 Borehole 69

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-
izing system after one hour indicated "zero" inflow over the 6499- to 6702-ft
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
involving pressurization of a significant interval of borehole, it would be
found that the applied hydraulic pressure was opening existing joints rather
than fracturing unflawed rock.)

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).
At the same time, it was a significant accomplishment for the then-available
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
reached—albeit at a very low injection flow rate, in view of the ongoing
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
the borehole was backfilled with coarse sand to a depth of 6525 ft, a cement
plug was placed on top of the sand to a depth of 6501 ft, and the cement was
faced off to 6510 ft to provide a firm bottom for landing the scab liner. On
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
12 ft. The PBR at the top of the liner was a 3 1/2-ft flared section, with a
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 140 000-1b 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
conventional packers were unsuccessful. The borehole configuration for
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)
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Fig. 3-8. Configuration of the GT-2 borehole through Stage 2 drilling and
liner installation.
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Pressurization testing in Zone 7 recommenced on September 14, with a
commercial, truck-mounted "frac" (injection) pump. Only the first test of
this series yielded meaningful data. After that test, unfortunately, the surface
packoff assembly—through which the cable for the downhole temperature
instrument was run—began leaking and continued to leak until it finally
failed completely. Figure 3-9 shows the surface pressure profile for the first
test, during which fluid was injected at a rate of 3 BPM (8 L/s) for just under
1 minute. The profile did not exhibit the anticipated "breakdown-pressure"
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
very brief period of joint opening and fluid injection.)
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Fig. 3-9. Surface pressure during the first hydraulic fracturing test below the
cemented-in liner (Zone 7) in GT-2. At a pumping rate of 3 BPM (8 L/s),
some 105 gal. of fluid was injected in about 1 minute.

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,
it is now recognized that this was the most significant pressure-stimulation
test that had been run so far in GT-2. The shape of the pressure profile is
strongly indicative of a joint opening, with a very sharp rise followed by
an abrupt "flattening out." The shut-in pressure profile following the joint
opening is also typical of one for a previously sealed joint.

That the opening pressure for the stimulated joint(s) was as high as
2500 psi suggests a significant contribution to the joint normal stress from
the overburden stress (o|)—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).



Planning, Drilling, and Testing of the GT-2 Borehole 73

Further evidence that a joint (or joints) had been opened near the top of
Zone 7 comes from the temperature fluctuations seen on temperature logs
taken below the liner during these injection tests.

InfoNote

In the ideal case—rarely seen in the field—of a borehole drilled in a
homogeneous and isotropic rock mass (with no flaws, such as pre-existing but
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.

The "real" case—nearly always seen in the field—is that the rock mass
contains a network of resealed joints. Under pressurization, a favorably ori-
ented joint intersecting the borehole wall will open first—with a pressure
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
pumping resumed. But when annulus outflow was observed shortly there-
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
2500 psi [17.2 MPa] and flow rates of 3—4.5 BPM [8—12 L/s]). On the basis
of results from 20 spinner runs, two zones of fluid acceptance—inclined
joints—were identified: one at 6529-6540 ft (1990-1993 m) and one at
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6559-6568 ft (1999-2002 m). From September 25 to 27, these two joints
were further inflated/extended through three further injections, of 11 000,
20 000, and 36 000 gal. (42 000, 76 000, and 136 000 L), again at a maximum
injection pressure of 2500 psi and a maximum flow rate of 4 BPM (11 L/s).
(It should be noted that the two joints extensively "exercised" during this
injection testing were different from—somewhat deeper than—those that
had left impressions on the lowest Johnston packer during the first hydraulic
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,
much less than half of the injected fluid was recovered for each test.
Several theories were proffered: (1) The pressurized joints were connected
to a permeable, but much lower pressure, zone beyond the borehole that
absorbed most of the flow; (2) permeation of the fracture walls by the
fluid accounted for most of the loss; and (3) the intersections of the joints
with the borehole, like pressure-activated diodes, were snapping shut with
the release of borehole pressure and trapping the injected fluid within the
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 1b of sand, for a sand loading of just over 2 lb/gal.; the polymer effec-
tively suspended the sand in the fluid, preventing its loss during pumping).
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
vented, leaving the joints "sand-propped." Over 90% of the injected fluid
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—
that the joints were snapping shut and trapping fluid within them. Beyond
being an interesting experiment in its own right, it would have a profound
influence on the HDR Project in the years to come: from it was born the
recognition that the near-wellbore outlet impedance was controlled by joint
closure. This meant that HDR reservoir production could be significantly
increased only by finding ways to reduce the impedance created when joints
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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 en echelon vertical fractures from
an inclined borehole.® 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
straightforward way of controlling the inlet and outlet flow conditions of
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
of the experiment very low, it seemed an opportune time for the first-ever
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
(12.8 MPa), but continuous flow up the annulus indicated leakage in the
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
Research Laboratory in Duncan, OK, to consult with world-recognized experts
in the field of hydraulic fracturing about the upcoming Massive Hydraulic Frac-
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-
surizing fluid—first, because it was easier to carry out the test without
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.

Witnessing the unusually high fluid recovery upon venting, in combina-
tion with the low injection pressure, the HDR field engineers realized that
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
possibility was investigated by testing for flow communication between the
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-
lutely no flow communication with the annulus was observed. The zone
below the liner was then vented, and within 5 hours 85% of the injected
fluid had been recovered. Once again, the evidence indicated that the sand-
propped joints below the liner were accepting all the flow.

In a final effort to fracture through the perforations, a more capable system
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,
the surface pressure and the flow rate show typical joint-opening profiles,
not those that would be seen if true hydraulic fracturing of unflawed rock
had taken place. Starting about 20 minutes into the test, the pressure rises
very steeply and linearly as the fluid in the drill pipe is compressed, then
"rounds off" as fluid begins to permeate into the sealed joint (which is
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still significantly more permeable than the surrounding rock). As the joint
is progressively jacked open, the pumping pressure profile flattens out at its
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
and flow profiles during stimulation of a high-opening-pressure joint in the
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
an opening pressure significantly higher than those of the joints opened in
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
a flow rate of 1.5 BPM (4 L/s), to ascertain whether there was now flow
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
of 3 gpm from the flow line, it looked possible (although the evidence was
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
rates of fluid leakage were quite small. On the basis of these findings, 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
rock mass at this greater depth, which would be important for confirming
the suitability of the Fenton Hill site for the world's first demonstration of
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



Planning, Drilling, and Testing of the GT-2 Borehole 79

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
finally into and up the annulus outside the drill pipe. To allow for these
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
the operation met with some difficulties: first and foremost, the basement
rock was extremely hard (typically, washover operations are employed in
the much softer sedimentary rock found in oilfield situations); second, the
outer diameter of the PBR section at the top of the liner was almost equal
to the inner diameter of the washover bit; and third, the centralizer fins that
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
the jarring tools broke and had to be fished out of the hole. It was only on
October 11 that the last piece of the liner assembly was finally removed
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-
lating fluid. The bit managed to drill only 15 ft of new hole before its action
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.)

With the hole apparently finally clean, the first coring assembly was made
up with a 9 5/8-in. x 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
6000 ft. By October 20 the pipe had been fished out of the hole, and drilling
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. HI10J 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,
and granite). The first run with a Security bit took the hole to 7918 ft in
58.5 hours—an average penetration rate of 7.4 ft/h, which was significantly
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-
ering temperature was 161°C, which extrapolated to 164°C at infinite time.

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
was finally pulled on November 2, it was found to be 1/8 in. under gauge,
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-
fied earlier (September 22-23) by spinner logging over the depth interval
6529-6540 ft. It had been identified as inclined because of its apparent
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, 1975¢

Note: During a later attempt to determine the orientation of the "target"
joint opened at about 9600 ft in GT-2,” 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.

See Stage 3 Pressure-Stimulation Tests 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-
lating fluid, it was found to be only 1/8 in. under gauge and the cones were
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
608-ft scab liner. Before being run into the hole, the drill pipe was fitted
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
fluid convection in the narrow annulus separating it from the borehole
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
assembly fitted with a 7 7/8-in.-diameter Christensen diamond core bit.
Because of fluid circulation problems, coring progressed very slowly: it
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.

On the morning of November 25, fishing tools were being lowered into
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
pipe to the bottom of the hole. This pipe now had to be fished from the hole
as well (once it was out, 85 of the joints required straightening). Finally,
on November 29, the outer core barrel was fished from the hole, but the bit
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")
below the ledge. At a final depth of 9619 ft, GT-2 was now the deepest
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

Average
Drilled Drilling penetration

Drilled depth, interval, time rate, ft/h
ft (m) ft (m) (h) Rock type (m/h)
6717-7102 385 48 Biotite-granodioritic 8.0
(2047-2165) (117) gneiss, biotite-tonalite 2.4)

gneiss
7107-7485 378 67 Biotite-tonalite gneiss, 5.6
(2166-2281) (115) biotite-granodioritic 1.7)

gneiss, monzogranitic

gneiss
7485-7918 433 58.5 Granodioritic gneiss, 7.4
(2281-2413) (132) monzogranitic gneiss 2.3)
7919-8577 658 81 Monzogranitic gneiss, 8.1
(2414-2614) (200) biotite granodiorite 2.5)
8587-8842 255 30.75 Biotite granodiorite 8.3
(2617-2695) (78) (2.5)
8842-9514 672 75 Biotite granodiorite 9.0

(2695-2900) (205) 2.7)
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Table 3-6. Major Stage 3 coring runs in GT-2

Core bit
Coring Cored interval, Recovery (J=JOIDES-type;
run ft (m) (%) C=Christensen) Rock type*
22 7102-7104 75 C Biotite tonalite
(2164.7-2165.3) monzogranite
23 7918-7919 100 C Leucocratic
(2413.4-2413.7) monzogranite
24 8577-8587 70 J Biotite
(2614-2617) monzogranite
pegmatite
25 9519-9527 50 J Biotite
(2901-2904) granodiorite
26 9527-9537 50 J Biotite
(2904-2907) 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.
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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
flow performance, but they do yield data useful for reservoir modeling.

In Situ Permeability (Inferred from Laboratory Measurements)
The in situ 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, in sifu permeability is generally not included
in descriptions of the physical properties of crystalline rock because, being
stress-dependent, it is very difficult to measure in the laboratory. This is
particularly true at the very high stress levels of interest—those representing
deep in situ 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 in situ
fabric. The only way to replicate the in situ conditions is to reclose the new
microcracks—a difficult task at best. The sample, essentially in the shape of
a cube cut from the original core, must be repressurized in a special triaxial
stress fixture. The very small residual permeability of the sample can then
be measured. Unfortunately, one can never be entirely certain that the fresh
microcracks have been closed precisely enough to eliminate some minor
influence on the measured permeability.

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
Los Alamos are given in Fig. 3-13, as a function of confining pressure 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
that—at least in the case of the deeper sample—the stress fixture could not
totally reclose all the fresh microcracks. The figure also shows that during
the first 1000 psi or so of compression, the measured permeabilities of both
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. Permeability as a function of effective confining pressure at 24°C
(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 in situ 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
spread in these data undoubtedly reflects not only the difficulty of making
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. In situ 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
convection, by the fluid flowing through the dilated joints. The thermal
conductivity (A) 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. Thermal conductivity of rocks from GT-2, W/(m-K)

Depth (ft)  0°C 50°C 100°C 150°C 200°C 250°C
A 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 2714 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
A 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.
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These conductivity values compare quite favorably with those in stan-
dard handbooks listing rock physical properties (e.g., S. P. Clark, Handbook
of Physical Constants, 1966). The variation with temperature—an average
decrease of 22% between 0°C and 200°C for the first six core samples
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
Mines and were found to be in good agreement (+2%) with field density
logs collected by a service company (Table 3-8).

Table 3-8. Density: laboratory vs field measurements (averaged values)

Density (g/cm?)
Sample depth, ft (m) U. S. Bureau of Mines Laboratory Field logs
2580 (786) 2.64 2.70
2600 (792) 2.66 271
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
measured in both the field and the laboratory. In this case, the comparison
(Table 3-9) did not show such close agreement. The laboratory-measured
velocities were consistently lower than the field-measured ones—attribut-
able primarily to the superimposed array of fresh, stress-relief-derived
microcracks in the cores.
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Table 3-9. P-wave and S-wave velocities: laboratory vs field measurements
(averaged values)

P-wave velocity S-wave velocity

Sample depth, (km/s) (km/s)

ft (m) Lab Field Lab Field
2600 (792) 5.89 6.03 343 343
2850 (869) 5.88 6.33 3.47 3.52
3151 (960) 4.98 5.78 291 2.97
3464 (1056) 5.66 6.02 3.19 343
3697 (1127) 5.87 5.86 3.49 3.51
4279 (1304) 5.86 5.99 343 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
not equilibrated over the nearly five weeks of inactivity since the comple-
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.

The significance of these water-level measurements in the annulus—
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
to a varying head of water in the annulus; and the diffusion of fluid—some
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.
Assuming (on the basis of fluid diffusion modeling) that after a one-month
"soak" at almost full hydrostatic pressure, the pressurized fluid would have
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

The numerous joint stimulation and inflation tests carried out between
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.'° Their
purpose was to obtain data that could be used to

* determine the joint-breakdown pressure, the joint-inflation pressure,

and the flow-rate-dependent joint-extension pressure; and

* 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,
resealed joint at about 9600 ft was pressure-opened, repeatedly inflated and
vented, and finally extended. (It should be remembered that at this time, the
concept of the penny-shaped vertical fracture still dominated the thinking of
the Project staft.)

Figure 3-15 summarizes the results of the first series of eleven tests.
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).

9The lack of detail in these figures is unfortunate, but in the case of these partic-
ular experiments, no additional information is available from the reports of the
time, except for some brief notes in Mort Smith's The Furnace in the Basement
Part I1.
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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

The rat hole was pressurized to 1400 psi for the first time on February 8.
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
then vented, this joint accepted the same amount of fluid: about 200 gal.
This finding, which indicated no growth of the joint, led—finally—to
a "best guess" that the extra volume represented fluid storage in a near-
vertical, unsealed or reopened ancient joint (not a true hydraulic fracture).
In addition, water loss from the pressurized volume was very small, indi-
cating that this joint was tightly confined within the rock mass and that the
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).!!
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

"This 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
appears that the first set of seismic signals represented the extension of the
joint—to a calculated radius of about 200 ft—whereas the second set (after
venting), which was less energetic, represented only the reinflation of the
previously extended joint. In a further reinflation test, both the joint-opening
and reinflation pressures rose slightly, by about 20 psi. This phenomenon
would be observed again in 1993-95, during the long-term flow testing of
the Phase II reservoir, and is probably attributable to a localized increase in
pore-fluid pressure just ahead of the undilated tip of the sealed—but some-
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—Ilike 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
affecting fluid flow into the surfaces of the 9600-ft-deep opened joint: at
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
was recovered in the first two hours of venting and 95% in four days. The
obvious conclusion is that at this depth, water losses from a pressurized
circulation loop should be very low.

A final series of pressurization tests were carried out during July and
August, 1975 (Fig. 3-17), to further study fracturing through perforations
(it would be the last such effort; with its termination, this reservoir comple-
tion concept was finally, and unequivocally, "laid to rest"). This series of
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
the hole and five 10-ft-long zones of the scab liner (centered at depths of
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
always required to stimulate joints through perforations. It was this finding
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
thus do not appear in the figure).
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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



96  Chapter 3 - Phase I Drilling and Initial Attempts

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-
nately, a final casing string had not yet been run and cemented in place in
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 § ft higher in elevation.
As detailed in Table 3-11, EE-1 would be drilled in two stages, to a final
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
of the Kelly bushing was set at 8711.3 ft (2655 m), 15 ft above the ground
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 fi—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
of about 1900 ft, in the Madera Formation), the drilling fluid was loaded up
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,
Fibertex, and Gelflake) to the drilling mud to control fluid flow into the
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
days, during which five "pills" of 40% lost-circulation material (2800 gal.
each) were pumped down the hole. But these efforts proved fruitless, and
finally GO-International Logging was called out. They determined that the
"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
Sandia Formation. For the first attempt, a cement mixture with added lost-
circulation material (bentonite chips and Gelflake) was pumped down the
hole, but it did not fill in the zone. Next, a "gunk" squeeze was attempted,
with a mixture of cement and bentonite in a slurry of diesel oil to slow
down the cement hydration—again without success. A final attempt, with a
100-sack batch of cement containing Cello-flake lost-circulation material,
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
formations. With no fluid in the borehole above about 1700 ft to stabilize
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
continued to 2431 ft, but with considerable difficulty.

At this juncture, the team decided that running casing was their only
hope for stabilizing the hole. A three-stage cement job was designed: first,
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 Torg-Trim were pumped in to help lubri-
cate the borehole walls for the running of the casing. Finally, on the afternoon
of July 3, a string of 13 3/8-in. intermediate casing (54.5 Ib/ft, Type K-55)
was started into the hole, with a Baker cement shoe on bottom and two
backup float collars. The deeper collar was positioned one joint above the
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
at 790 ft below the rig floor. However, the installation of these stage collars
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.
But after an hour or so, ever so slowly it finally slid on down and into the
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

Many factors would later be identified as having contributed to this
near-failure: (1) the supervisors and cementers who were attempting
cementing operations in a mountainous setting, beset with severe lost-
circulation problems, were experienced primarily in "flat-land" oilfield
methods; (2) technical supervision was poor—the drilling supervisors
failed to understand the significance of the very subhydrostatic water-
level measurements following the tag-cement job, which indicated that
the casing was in direct fluid communication with the loss zone at 2360 ft;
and (3) presence/oversight by Group Q-22 personnel was inadequate—
personnel in the field tended to accept the recommendations of the hired
drilling/cementing "experts" without critical review.

Cementing of the Intermediate Casing String

In preparation for the first stage (tag cementing of the bottom 71 ft of
casing), some 16 000 gal. of bentonite mud was pumped in to stabilize
the borehole. Then 8800 gal. of cement slurry containing Pozzolan, silica
flour, and Cello-flake was pumped into the casing. Following a brief pause
in pumping for flow to be switched from the cement blender to the water
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
below ground surface meant that the top 1700+ ft of the casing was filled
with air instead of water.'? Thus, during the pause in pumping, the cement
flowed down the casing and out into the loss zone by gravity, sucking air
behind it; when the plug was released, followed by displacement water, it
could only "rattle" its way down the casing, almost in free fall. It is diffi-
cult to estimate the velocity of the plug as it fell, but as evidenced by the

"In the typical oilfield setting, the water table being near-surface, such severe lost-
circulation problems are rare (the casing would be filled with water instead of
having a column of air at the top). Thus, in a conventional tag-cement job, first
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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lack of a pressure pulse, it did not reach the upper float collar (at 2307 ft)
intact—thereby failing to create the necessary seal. The consequence was
that the water flowed around the plug and overdisplaced all of the cement—
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
empty of any fluid down to a depth of 2157 ft—a sure sign that the lowest
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
did they understand the significance of the water-level measurements: the
fact that the aquifer flowing through the cavernous Madera limestone at
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
could have found out what had happened simply by attempting to fill the
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
the upper float collar near the bottom of the hole). The water continued to
flow on down the casing, pushing the cement ahead of it. Once again the
lost-circulation zone at about 2360 ft took the cement as fast as it flowed
in, leaving the casing essentially empty. In other words, the rapidly falling
cement flowed not through the open ports in the stage collar as intended,
but on down the casing—past the rubber plug on top of the upper float
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.!? The reports of the time state that the third stage was delayed until
fluid circulation could be established through the cementing ports at 790 ft
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
collar open, the flow path of least resistance for the cement would be the
same as during the second stage.

Nevertheless, the rig supervisors proceeded to open the cementing ports
on the upper stage collar at 790 ft and pumped fluid into the casing to
circulate through these ports. To their surprise, all flow was lost. Assuming
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.
(In reality, the flow was going all the way down the inside of the casing,
past the damaged rubber plug on top of the upper float collar at 2307 ft, out
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
bentonite mixed with 30%—-50% lost-circulation material. The first two pills
flowed down and out the bottom of the casing into the deep loss zone, with
no returns. With the third pill, the space around the damaged plug on top of
the upper float collar was almost completely closed off, which forced most
of the flow to finally go through the cement ports in the stage collar at 790 ft
and back up the annulus (a fraction of the flow was still going all the way
down the casing and into the loss zone at 2360 ft). This "fix," although not
the intended one, did at least temporarily establish a significant degree 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

BIt 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 ft>. The amount of cement actu-
ally injected, with the standard allowance for a 20% excess, was some
1070 ft*—which left about 140 ft of annulus still empty.)

The following day, after the cement had set up, its top was tagged with
a l-in.-diameter pipe run down the annulus. The remaining void was then
filled, to within a few feet of the surface, with an additional 170 ft* of
cement pumped in through this pipe.

The last "surprise” of this cementing project evidently brought with it—
finally—some revelations. When the rig supervisors made a bit run to clear
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
the plugs on top of the upper float collar at 2307 ft. The upper two plugs,
from the failed second-stage cementing job, were drilled through unevent-
fully. However, as the tattered plug directly on top of this float collar (the
plug pumped down during the first tag cementing) was being drilled up,
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
3% calcium chloride, mixed with 25 sacks of Cello-flake) was pumped in,
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
somewhat softer than those of the more advanced, oilfield-type Security bit,
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 Ib 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
on July 9, with a 12 1/4-in. STC Q9] bit and water as the circulating fluid.
A survey of the hole at 2509 ft showed the trajectory to be N52W, 3/4°.14

The first bit change was at 2785 ft, when drilling became erratic. The
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 b, 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
increase in drilling-fluid losses (at that time, about 200 gal./h) as EE-1 was
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
circulated to cool it and clean the fluid preparatory to logging operations.
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
hole, by the Birdwell Division of Scientific Services Corp.

'“The notation we use for borehole trajectories is azimuth or direction first, inclina-
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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On August 13, a deep string of 10 3/4-in. casing (51 1b/ft, K-55) was run
and landed at a depth of 6420 ft. To prevent malfunctioning of the displace-
ment plug and/or float collars, as had occurred during first- and second-
stage cementing of the intermediate casing string, tandem float collars were
installed at the bottom of the casing string and an aluminum plug-landing
baffle 40 ft above the upper float collar. The displacement plug to be used
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
float collars. Drilling with this bit then proceeded to a depth of 6874 ft in
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
STC-modified 9 5/8-in. JOIDES core bit. Only 3 ft of core was obtained
(25% recovery). From petrographic examinations of thin sections from this
core, the rock was classified as a leucocratic monzogranitic gneiss.

Stage 1 Pressure-Stimulation Tests

On August 23, 1975, the Laboratory's newly designed high-temperature
geophone package (Fig. 3-20) was deployed for the first time, in the GT-2
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
to average their outputs, which were then sent to an amplifier to increase
gain. Housed with its batteries in an ice-filled Dewar flask, the amplifier and
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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Fig. 3-20. Schematic view of the Laboratory's first high-temperature
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.
At first there was no evidence of fracture initiation (i.e., the opening of
a sealed joint or joints), but considerable backflow occurred when the
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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
observed during this first attempt at "fracture" mapping. The data recording
system had two shortcomings: the frequency of the downhole amplifiers
was not sufficiently high, and the surface system did not yet employ the
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
was located deeper than about 6500 ft, an inflatable Lynes packer was set
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,
9-gpm Kobe pump. Before pressurization began, a small Laboratory pump
was used to inflate the packer to 1500 psi (beyond that point, the packer
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.
Some 800 gal. of fluid was injected at the latter level—this pressure behavior
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
true tensile-opening joint (without a significant shear component and there-
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.

Following this experiment, the Lynes packer was deflated and the entire
open-hole interval below the casing was repressurized with the Kobe
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
borehole and reset at a depth of 6720 ft. When the Kobe pump was used
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
zone with a very low fluid-acceptance pressure, posing problems for subse-
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
at 6480 ft, the depth at which the Lynes packer had first been set.

With the lower part of the borehole now filled with cement, the open-hole
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
Kobe pump was used to reinflate the joint at a pressure of 2000 psi, then for
four hours the packer was pressurized at 2300 psi with a smaller Laboratory
pump. When the packer assembly was pulled from the hole, it showed defi-
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-
west during the first stage of drilling. However, its inclination increased
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
had a northwest—southeast orientation. Given this seemingly conflicting
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).

The first Dyna-Drill run, which started at a depth of 6886 ft on
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
tool, manufactured by Scientific Drilling Controls of Newport Beach, CA,
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 S7T0W, 6° at a depth of 7033 ft.
These two drilling runs, which added 147 ft of depth and rotated the hole
32°, marked the first time that directional drilling had been accomplished
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
borehole based on these surveys is illustrated in Fig. 3-22. It was confirmed
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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than EE-1 at this point, as shown in the figure, the inclination of EE-1
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
previous spring). The new geophone package—now fitted with a brass-
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
GT-2 scab liner and sequentially fired at depths of 9018, 9068, and 9118 ft.
The horizontal distance between the two holes at 9100 ft in EE-1 and 9068 ft
in GT-2—as derived from the difference between the first-arrival times of
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
9100-ft depth. Without any seismic direction data to confirm the positions
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).

For the first pumping experiment, the geophone package was placed on the
bottom of EE-1 with the geophones at 9565 ft. The 9-gpm Kobe pump was
then used to reinflate the major joint at the bottom of GT-2. But the injection
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-
Atlas cable with a Laboratory-designed firing mechanism; a geophone
trigger assembly ensured precise timing of the shots, to an accuracy of
+0.05 ms. The detonators were run into GT-2 and fired at depths of 9531
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



114 Chapter 3 » Phase I Drilling and Initial Attempts

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-
ment repairs and modifications, a second pumping experiment took place.
The joint at the bottom of GT-2 was inflated again, this time with the
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
then shut off, and pumping continued with the Kobe pump for another
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
readings from which would be verified by setting off a surface dynamite
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,
and its distance from GT-2 could be obtained from the first arrivals of the
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
fighting gravity.) Further, when the detonators were fired in GT-2, at depths
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-
blast-verified) orientation of the geophone package in EE-1, showed the
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-
tion not of engineers but of geophysicists, who had more confidence in the
seismic direction data—which would later prove to be fallacious—than in
the magnetic survey data.

In a final injection test late on September 30, the Western pump was used
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
followed a stepped profile: the injection rate was increased in 1-BPM steps
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.

The most significant result of this injection test was that, for the first
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 Chapter 3 » Phase I Drilling and Initial Attempts

the target joint at the bottom of GT-2 was kept inflated by intermittent
pumping with the 9-gpm Kobe pump. It was anticipated that if and when
the joint was intersected, the outflow into EE-1 would be large enough to
cause the GT-2 wellhead pressure to drop dramatically. However, the rate of
this pressure decrease—being strongly dependent on the rate of outflow into
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,
apparently before they could be adequately cooled by the circulating fluid.
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
12 000 gal.); but this experiment was specifically designed to seismically
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
a 15-minute interval, then returned to the first station (9211 ft) for the last
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 11
reservoir development, this difference in sensitivity would be quantified
and definitively attributed to the impaired vertical coupling of the geophone
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
maps: the plane(s) of the GT-2 joint(s) are shown as least-squares-fit
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
individual event would define a planar zone of seismicity, and thus allow a
planar solution for determining the direction of approach, a 180° 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.

With an injected fluid volume only slightly greater than that of the
September 30 experiment, the October 10 experiment would not be
expected to cause extension of the previously deflated GT-2 joint(s) until
very late in the pressurization. This is precisely what occurred, as Fig. 3-25
shows. During the first 15-minute recording interval, seismicity was
concentrated near the first geophone station (within 140 ft), suggesting
initial inflation. Then, when the geophone was returned to this station near
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
pressure-stimulated near the bottom of GT-2, the most definitive of which
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
deeper stations, accurate analysis was particularly difficult because of the
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.

Many of the microseismic signals generated by the inflation and
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
signal propagation, the arrival direction of the P-wave is specified by its
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
to within a cycle, the sense of the first arrival is usually uncertain, creating
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.

This experiment marked the first time that the foci of microseismic events
resulting from the hydraulic stimulation of a deep, hot region of jointed
basement rock had been (a) clearly located in space and (b) definitively
associated with the reinflation or extension of pre-existing joints.

Final Attempts to Stimulate the Deeper Part of EE-1

Following the seismic experiment, the Western pump was replaced by
the Kobe pump. Pressurization of GT-2 was continued at 9 gpm while the
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
late September—implying a zone of fluid entry in EE-1. Then, at a depth
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
of water was observed flowing out of EE-1—the first evidence (although
trivially small: about 1 gpm) of a flow connection between the two
boreholes—probably via a tortuous, multiple-joint flow path having very
high impedance.

A final core was taken in EE-1 during this period—from 9877 to
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%.

The final drilling run (with a 9 5/8-in. rotary drilling assembly) took place
October 12, 1975, completing EE-1 at a depth of 10 053 ft. A temperature
log was run on October 13; it identified the EE-1 fluid entry point at 9500 ft
by registering a sharp, 4°C-5°C temperature drop immediately below that
depth (the water flowing into and then up the EE-1 borehole from the fluid
entry point was being heated as it traversed the jointed rock adjacent to the
borehole). A repeat temperature log run the same day verified the fluid entry
point at 9500 ft, but repeat SP logging did not show the anomaly seen three
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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
experiments were done, ending on October 22. The results confirmed the
existence of a "weepy" flow connection between GT-2 and EE-1—a cause
for some celebration, but perhaps even more consternation: considering the
quantities of water being injected into GT-2, the rate of flow into EE-1 at
9500 ft was very low (only about 1 gpm), indicating that the flow impedance
was extremely high; and therefore, most definitely no HDR reservoir had
been created.

On October 14, 1975, in the hope that the hydraulic connection could
be improved, a Lynes inflatable packer was set at 9600 ft in EE-1 to isolate
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
2100 psi, the pump was moved to the EE-1 wellhead and the 9-gpm Kobe
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
drop at a steadily decreasing rate until it finally stabilized at 1500 psi.

Pumping into GT-2 continued with the Kobe pump while EE-1 was
vented and the failed packer was pulled from the hole. During this time,
the injection pressure at GT-2 dropped further, then stabilized once
more, at 1190 psi. The vent flow from EE-1 finally stabilized at about
4 gpm (0.25 L/s)—this somewhat improved flow connection from GT-2
suggesting that a new flow path had been opened into EE-1 below 9600 ft,
at a pressure of about 2400 psi.

The next day, while pumping into GT-2 continued at a pressure of
1190 psi, the flow from EE-1 was measured at 5 gpm. Temperature and SP
logs run in EE-1 both showed very sharp anomalies at 9650 ft, indicating
the new point of fluid entry. With this sign that a deeper—and potentially
better—flow connection to GT-2 might exist, further pressurizations were
planned to try to open up this EE-1 joint (or joints). Lynes inflatable
packers were run several more times over the next few days. The first
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

On October 23, 1975, a final (composite) casing string, with a Halliburton
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.

The upper section of the final casing string was 8 5/8-in., 32-1b/ft, Grade
J-55 pipe; the 999-ft-long lower section consisted of 7 5/8-in., 26.4-1b/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
the lower section was being run in, a Halliburton float collar and baffle plate
were installed two joints (about 80 ft) above the float shoe. In preparation
for cementing, the casing was flushed with about 400 gal. of water.

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,
consisting of almost 25% silica flour (5760 1b), was pumped into the
casing; it was followed by an 8 5/8-in.-diameter wiper plug of soft rubber,
flexible enough to fit into the lower 7 5/8-in. section of casing. Then, with
24 000 gal. of water (an amount calculated to just fill the casing down to the
float collar), the cement was displaced down the casing, around the bottom
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of the float shoe at 9599 ft, and up into the annulus. When the wiper plug
on top of the cement "bumped" the valve on the float collar, pumping was
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
1200-ft column of tag cement—suggesting that flow from GT-2 into EE-1
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
GT-2, flowing at a rate of about 1 gpm into the lowermost part of the
EE-1 borehole outside the casing, slowly displaced the cement upward. As
anyone familiar with cementing would realize, this water flow tended to
channel upward, creating flow paths through the slowly hardening cement.

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—
cement will flow into joints in the crystalline basement that had been pressure-
opened and then depressurized. In fact, during the early drilling of GT-2,
deliberate attempts to close off fluid inlets with cement not only failed but had
disastrous results, as described earlier in this chapter. The belief on the part of
the EE-1 drilling supervisors (and some HDR staff) that a flowing joint might
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
out the casing, drill out the float collar and float shoe, and clean the hole
to bottom. But the bit encountered no cement between the float collar and
float shoe, raising suspicions that there could be a problem with the cement
around the lower part of the casing. However, after the float shoe had been
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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Fast Forward: Where the Boreholes Really Were

Because the final 500 ft of drilling took the EE-1 borehole away
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
completed to its final depth of 10053 ft. (The Project staff, not yet
aware of the true relative positions of the boreholes, believed that the
flow connection between them could be significantly improved.)

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.'> 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.
In fact, it would be found that for EE-1, none of the five gyroscopic
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 erro—by about 1/2%. The bottom of GT-2 was

SWhen 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
conflicting results, because of both magnetic anomalies (due to the varying
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.

7000 )

* Gyroscopic survey —350
® Magnetic multishot survey
O Multiple of 500 ft

7500 ®

Distance (ft) north of GT-2 surface location
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Distance (ft) west of EE-1 surface location

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 180°!
The hodogram method used for the analysis is inherently subject to an
ambiguity of 180° 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
definitive.) The October 1975 magnetic multishot survey of EE-1, in
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
east of GT-2. The region of near-intersection of the two boreholes seen
in Fig. 3-27 is magnified in Fig. 3-28, which also gives the measured
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.

x Gyroscopic survey N
* Magnetic multishot survey EE-1 T
O Multiple of 500 ft

Distance (ft) north of GT-2 surface location

400 375 350 325 300
Distance (ft) west of EE-1 surface location

Fig. 3-28. Magnified view of the region of closest approach of the
borehole trajectories shown in Fig. 3-27.
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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
of conflicting data—on the erroneous determinations, obtained via
seismic analysis, of the position of EE-1 vis-a-vis GT-2. Continued
drilling on this path, to the final depth of 10 053 ft, then carried EE-1
ever farther from its intended target!

The remainder of this chapter describes how the true positions of
the boreholes were eventually clarified and how the direction of the
HDR Project was modified as a result.

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.
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These studies, carried out between November 1975 and November
1976, involved numerous experiments and tests. For many of these, a
new, larger Kobe pump—having a nominal pumping rate of 34 gpm—was
used. (This pump, procured by the HDR Project in late 1975, was there-
after referred to as the "big Kobe pump" and the original 9-gpm pump as
the "small Kobe pump.") To facilitate later reference, the experiments in
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. Background temperature Temperature anomalies at about
1975 log in GT-2. 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. Pumping into GT-2 at Measured EE-1 outflow of 2.2 gpm.
1975 9 gpm and 1000 psi.
104 2 Dec. Background temperature No anomalies noted. Bottom-hole
1975 log in EE-1. temperature = 205.5°C.
105 3—4 Dec. Temperature log in GT-2 EE-1 injection = 13 600 gal.; GT-2
1975 during pumping into outflow = 10 680 gal.—75% from
EE-1 at 34 gpm (injection 9200 ft, 25% from 9450 ft.
pressure = 1150 psi).
106 23-24 Dec. Pumping into EE-1 at EE-1 injection = 11 600 gal.; GT-2
1975 34 gpm, followed by outflow = 7000 gal. at 9 gpm. No
temperature logging temperature change. Impedance =
(injection pressure = 155 psi/gpm (17 MPa per L/s).
1360 psi).
109 11 Feb. Induced-potential and self- Logs show conductive zone from
1976 potential logs in EE-1. 9770 to 9780 ft (below casing at
9599 ft).
111 16-19 Mar. Pumping into EE-1 at EE-1 injection =27 000 gal.; GT-2
1976 several pressures, up to pressure = 950 psi. After shut in

1320 psi, with GT-2
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. Measurement of flow rate  Both holes pressurized in steps to

1976 potential of hydraulic
connection with joint
system inflated.

115 23-24 Mar.  Residence-time analysis
1976 of joint system by means
of tracer techniques. EE-1
injection pressure held at
1300 psi.

116 20-21 Mar.  lodine tracer injections
1976 into GT-2 and EE-1.
Gamma-ray logging in
both boreholes and cement-
bond log in GT-2 (all by
Dresser-Atlas).

117 3-5 Mar. Mapping of EE-1 joint.
1976 Injection into EE-1 first at
4 BPM and 1600 psi, then
at 5 BPM and 1700 psi,
with geophone package in
GT-2.

119 27-29 April  Residence-time analysis
1976 of deflated joint system
(pumping into EE-1 with
sodium fluorescein dye at
a controlled pressure of
700 psi, GT-2 vented).

120 11-14 May  Constant-pressure injection
1976 into EE-1 (34 gpm,
1350 psi) for 90 hours.
Flow from GT-2
maintained at 10 gpm.

122 6 May Seismic mapping of EE-1
1976 joint at 9650 ft.

about 1300 psi, then GT-2 slowly
vented (25 psi/h) at 14-20 gpm.
Measured 65 in GT-2 =1240 psi.
Final flow impedance = 50 psi/gpm
(5.5 MPa per L/s).

EE-1 injection = 60 080 gal. with
100 gal. sodium fluorescein dye.
Substantial tracer dispersion seen in
interconnected joint system.

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.

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

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).

Steady-state circulation
established. Low-pressure flow
impedance = 26 psi/gpm

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

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 Continuation of Expt. When GT-2 shut in, pressure leveled

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

flow reached about 50 gpm.

127 16-17 June Ranging experiment
1976 to confirm borehole
separation at 9100 ft.

129 22-29 June Seismic mapping of EE-1
1976 joint at 9050 ft.

133 19-21 July  Measurement of flow
1976 impedance during

pumping into EE-1 at flow
rates of 34 and 43 gpm
and pressures up to
1550 psi; measurement of
temperature profile inside
GT-2 high-pressure string
and liner to detect outflow
from GT-2 joint into region
behind scab liner and into
annulus just above liner.

137 1-11 Nov.  Flow test to ascertain
1976 baseline parameters for
sodium carbonate leaching
experiment (250 000 gal.

injected at low rate).

138 11-18 Nov.  Sodium carbonate used to
1976 leach quartz from contact
surface of 9050-ft in EE-1;

borehole shut in on 17 Nov.

at 1200 psi.
144A 7 Oct. Temperature log in GT-2
1976 with new thermistor.
144B 21 Oct. Temperature log in EE-1
1976 with new thermistor.
145 14 Oct. Repeat of ranging
1976 experiment in GT-2 (at

9020, 9090, and 9390 ft)

off'at 1102 psi in 1 hour; when
vented, flow impedance dropped to
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
major flow connection for EE-1.

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

50 320 gal. injected into EE-1.
"Sufficient" seismic signals
obtained.

Temperature measurements in

GT-2 showed flow from EE-1 into
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,
as before). This change in exit flow
path caused overall flow impedance
to drop from 100 psi/gpm to

30 psi/gpm (3.3 MPa per L/s).

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

Test results evaluated.
Flow impedance increased, to
90—-100 psi/gpm.

Temperature logging over full depth
of borehole.

Temperature logging over full depth
of borehole.

Results of Expt. 127 confirmed.
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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
was of significant extent and possibly made up of several closely spaced
en echelon joints.

On November 12, during pumping into GT-2 with the small Kobe pump
at 9 gpm and a pressure of about 1000 psi (Expt. 102), the outflow from
EE-1 was measured at 2.2 gpm—suggesting at best a marginal flow connec-
tion. Three weeks later, Expt. 104 (background temperature logging in
EE-1) showed no points of residual fluid inflow.

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
led to the conclusion that the outflow rate at 9200 ft was about three times
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-a-vis the liner), it was not possible to
detect a temperature anomaly associated with inflow from the joint opened
below the liner in early 1975.

Joint Mapping Experiments
The lengthy series of experiments that occupied the first half of 1976—tests
and retests of the tortuous flow connection between the two boreholes—Ieft
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
result in a very low flow impedance. The best impedance achieved, after
repeated pressure-exercising of the connecting network of joints, was
26 psi/gpm. Experiments 115 and 116 (tracer tests) showed a high degree of
dispersion, confirming the complexity of the interconnecting joint network.
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.

'6This joint was initially opened on October 14, 1975 (at a pumping rate of 2.1 BPM
[5.6 L/s] and pressures up to 2400 psi), and the fluid entry point was identified
the next day. The joint was later repressurized twice at a rate of 34 gpm—first
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
the EE-1 joint was reinflated with the injection of 9040 gal. of water at a
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-
tioned at 9619 ft in GT-2. This time the EE-1 joint was reinflated and
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
less than one per minute during joint reinflation, but then at double that rate
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
the first day, which were randomly distributed in time, only six provided
information usable for mapping. On the assumption that the EE-1 joint
was vertical,!” 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
have been outside the lower boundary of the figure by quite a bit. And
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.

7Open-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
(Expt. 119). Some 31 540 gal. of water containing sodium fluorescein was
pumped into the borehole at a controlled injection pressure of 700 psi. The
subsequent recovery of 91% of the injected fluid indicated that the joint
system was very tight, i.e., diffusion of fluid into the surfaces of the pressur-
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—



Studies of the Deep Joints Stimulated from EE-1 and GT-2 135

somewhat lower than those of previous high-injection-rate experiments (for
example, the pressure during Expt. 117 had been 1600 psi). This was the
first of a number of signs that the fluid was no longer entering only the
joint at 9650 ft. Another was the leveling off of the flow impedance (which
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
significant portion of the flow was now going up behind the casing and out
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
tenuous flow connection between the two boreholes:

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

* The impedance to flow between the boreholes was too high for a
meaningful heat extraction experiment to be carried out.

* The rock between the GT-2 and EE-1 joints presented a considerable
obstacle to reducing flow impedance.

Although some additional experiments were planned, to attempt to
reduce the flow impedance, redrilling one of the boreholes was increasingly
viewed as the most practical option for achieving a viable HDR heat-extrac-
tion system at Fenton Hill. Preliminary studies for a redrilling program
began in June 1976, and specifications for the program were written in
July 1976. In January 1977, along with continuation of flow testing and
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.

The final EE-1 mapping experiment (Expt. 129), which was performed
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
11 locatable events were finally recorded by the geophone package at 9360 ft.
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
the map). The locus of activity in the figure is roughly linear and strikes
northwest. The seismic traces shown highlight the difficulty of picking the
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
October 1975) was reinflated; then, during Expt. 122A, a new joint having
a strike of N5S5W 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
122 A, which allowed water to finally work its way up through the cement
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
lowest equilibrium reinflation/extension pressure ever measured in this
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-
fications for all subsequent flow experiments in this series. The deeper joint,
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
receiving some flow during Expt. 122A, when the flow impedance hit its
lowest value of 24 psi/gpm, by now this deeper flow connection to GT-2 was
essentially inactivated (it required an injection pressure of 1500—-1600 psi
for significant inflow, whereas the injection pressure for the higher joint was
only 1200 psi).

In mid July, the flow impedance between EE-1 and GT-2 was further
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
85% of the flow from GT-2 into its principal joint was entering through the
milled-out hole in the scab liner, at a depth of 9200 ft. At that time, this flow
connection was the vertically highest indication of that joint, and therefore
had the lowest entry/exit pressure. Now, during Expt. 133, fluid from EE-1
began flowing into this joint and thence into the open annular region of
GT-2—above the scab liner and outside the high-pressure casing—accom-
panied by a marked decrease in the flow impedance (from 100 psi/gpm
to 30 psi/gpm). Temperature logging inside the scab liner showed that the
region of outflow extended from 9100 ft up to 9015 ft, behind the upper part
of the liner (evidently through the region of poorly bonded cement). In other
words, the outflow from the GT-2 joint was now passing through an open
area, one less restrictive to flow than the milled-out hole in the scab liner.

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
perforations), and finally from behind the upper part of the liner (whose top
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: At this stage in the experimental sequence, the overall flow
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
the top of the scab liner, to directly access the very good flow connection
observed during Expt. 133, from the GT-2 borehole to the GT-2 joint, a
satisfactory HDR flow loop could have been developed without redrilling
(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
of the GT-2 joint would probably have created a flow loop with an overall
impedance of only a few psi/gpm when operated under high-backpressure
conditions. (See the discussion of reservoir flow impedance and its relation-
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,
were designed as a final attempt to reduce the flow impedance between
the two boreholes. Silica (quartz) would be removed from the surfaces of
the joint network connecting the higher joint in EE-1—now recognized
as the major flow connection, although its exact depth had not yet been
pinpointed—with the large joint near the bottom of GT-2.

Experiment 137 was designed to ascertain baseline parameters, particu-
larly steady-state flow rate and overall flow impedance, as a basis for
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
EE-1 over about 7 days, at a controlled pressure of 1200 psi and a flow rate
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
steady-state flow impedance of 75 psi/gpm was recorded.

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
day, the injection flow rate had increased from the final Expt. 137 value of
20 gpm to 88 gpm; it then gradually declined, reaching 9 gpm, and finally
showed another small increase. With the injection of the first 25 000 gal. of the
carbonate solution, the GT-2 outflow decreased from the 15 gpm measured at
the end of Expt. 137 to 12 gpm. It would remain at that lower value for the
remainder of the experiment.

At about noon on November 12, a significant increase in bicarbonate
concentration was observed in the GT-2 effluent, but the fluoride concen-
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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injected, the injection fluid was switched back to water. By mid afternoon
the silica concentration of the effluent had begun to increase, reaching
1400 ppm by 22:00 that night; over the same period, the fluoride concen-
tration rose to 140 ppm. The two eventually peaked at 2500 ppm and
190 ppm, respectively. On November 17, after the cumulative injection of
426 000 gal. of fluid during Expts. 137 and 138, EE-1 was finally shut in.

The results of these two experiments were at best confusing. Even
though geochemical analyses of the GT-2 effluent showed that between
1 and 2 tons of silica had been leached from the fracture system during
Expt. 138, the overall flow impedance, rather than decreasing, increased
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
flow situation existing at that time may shed some light on why.

Seven months earlier, during Expt. 122A, the long-term flow impedance
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
began flowing out of the borehole via the higher (9050-ft), N55W-striking
joint. The flow through this joint would have been essentially lateral until
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.

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-
ance across the intersection with the GT-2 joint was significantly higher
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).

'8 An argument can be made for a flow connection via one or more inclined joints,
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
improved the flow impedance of the system, supplemented by the results of
some further experiments in the winter of 197677, finally made the reality
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
not appear (at least to the Project management) that the 100-psi/gpm flow
impedance between the two boreholes could reasonably be reduced to any-
thing near the hoped-for value of 10 psi/gpm or less.

Thus, there was no longer any alternative: if an adequate flow connection
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?7)—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
verified. A series of experiments designed to resolve these issues took place
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. Magnetic ranging With Sperry-Sun survey compass at
1976 experiment between 9655  GT-2 bottom (9619 ft), bar magnet
and 9735 ft in EE-1, to lowered in EE-1; compass response
determine the relative shows bottom of EE-1 east of GT-2
positions of GT-2 and (not west, as previously found
EE-1. seismically by the hodogram method).
150  12-13 Jan. Seismic experiment to Considerably improved seismic
1977 confirm borehole positions  first-arrival data confirm EE-1 position
(large geophone package,  as east, not west, of GT-2 in the deeper
modified for better acoustic region of interest.
coupling, run into EE-1;
detonators fired in GT-2).
156 7-11 Feb.  Cement-bond log and Little or no cement behind casing
1977 radioactive iodine tracer from 9599 ft up to 8980 ft, allowing
study of fluid injection water to flow up annulus and into the
path(s) in EE-1, by higher joint; tracer results show this
Dresser-Atlas. joint to be major flow connection in

EE-1 and locate it at 9050 ft.
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Expt.
No. Date Description Remarks
157  28-31Jan.  Surveys of EE-1 and GT-2 The Eastman Whipstock survey
1977 with newly developed, of GT-2 turned out to provide
high-temperature Eastman the best data for the location of
Whipstock gyroscopic tool. this borehole. (Both Eastman
14-16 Feb.  Surveys of EE-1 and GT-2 Whipstock and Sperry-Sun tools
1977 with Sperry-Sun heat- run on Laboratory logging cable.)
hardened gyroscopic tool.
159A 8 Mar. Shear-shadowing experiment ~ Detonator position very
1977 to determine upper extent of  inappropriate for a joint
major EE-1 joint at 9050 ft. intersecting the borehole at about
Geophone package positioned 9050 ft. Faulty experiment design
in GT-2 at 9045 ft; three (based on belief that the joint
detonators fired in EE-1 at being tested was the deeper one—
9038 ft. Joint tested first at 9650 ft) led to placement of
depressurized (to obtain detonators much too close to joint
background response) and intersection. Result: Moderate
then inflated (by injection shear-wave attenuation with joint
into EE-1 at a pressure of pressurized.
1550 psi).
159B 9 Mar. Repeat of Expt. 159A at Significant shear-wave
1977 shallower depth (8487 ft attenuation at this depth with joint
in EE-1, 8544 ft in GT-2), pressurized. Result unexpected
thought to be well above (this experiment, like 159A,
upper extent of joint. (This erroneously designed to test joint
depth range later chosen as originating at 9650 ft).
target zone for redrilling.)
159C 21 Mar. Repeat of Expt. 159A at Maximum shear-wave attenuation
1977 8762 ftin EE-1, 8794 ft in at this depth, demonstrating
GT-2. origin of EE-1 joint at 9050 ft,
not 9650 ft.
159D 22 Mar. Repeat of Expt. 159A at Insignificant attenuation of shear
1977 8000 ft in EE-1, 8123 ftin waves—implying upper extent of
GT-2. EE-1 joint just below 8080 ft.
160 16 Mar. Induced-potential (IP) With current electrode at 9700 ft
1977 measurement of EE-1 joint in EE-1, GT-2 surveyed with

at 9050 ft to determine upper
extent of dilated region.

voltage probe while EE-1 joint
first deflated, then inflated.
Marked decrease in GT-2 voltage
potential seen in 8500- to
9000-ft interval during inflation.
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
different depths, the calculated and observed compass deflections consis-
tent with an EE-1 location east of GT-2 showed excellent matches (all the
observed deflections would have been reversed if EE-1 were west of GT-2).

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
finally "turned on the light" with regard to the 180° directional ambiguity of
the hodogram method: the HDR Project seismologists at last realized that
their previous interpretations of the P-wave first-arrival sign had been erro-
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
the efficacy of some improved equipment: a detonator holder that would
position the detonators in the center of the borehole (to ensure symmetrical
explosions) and a new, 6-in.-diameter geophone instrument package that
would seat more firmly against the borehole wall.

With the geophone package at 9560 ft in EE-1, twelve detonators were
fired at the vertically equivalent depth in GT-2 (within the scab liner).
Between firings, the geophone package was raised and reseated so that
various package orientations could be tested. The standard deviation of the
data for a single measurement was 8.6°. Experiment 150 was successful and
confirmed the results of Expt. 149 (for which the standard deviation of the
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
become the final "anointed" one.)

In early 1977, Expt. 157 began. Both EE-1 and GT-2 were surveyed
with Eastman Whipstock's newly developed high-temperature gyroscopic
tool. After seal failures caused the first two attempts to be aborted, in late
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
the uncertainty (and rather deflated the high hopes of the HDR Project staff,
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.

Eastman Whipstock surveys Sperry-Sun surveys
8000

—1275
EE-1

(Runs 1 and 2)

EE-1
(Runs 3 and 4)

—250
© 8500
—225
—200

175

9500 — 150

Distance (ft) north of GT-2 surface location

9000® —125

GT-2 (Run 5)
1 1 1 1 O}
400 375 350 350 300 400 375 350 350 300

Distance (ft) west of EE-1 surface location

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
by Sperry-Sun, but also significant between Sperry-Sun runs 1 and 2 and
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
be drawn from this figure is that EE-1, at 9500 ft, was east of GT-2.

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
of the five gyroscopic surveys;

* 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
approximately 100° (about east), consistent with the magnetic ranging find-
ings of Expt. 149.

Additional Tracer and Cement-Bond Surveys

In early February 1977, a radioactive-iodine tracer survey (Expt. 156) and
a cement-bond log were employed to more precisely define the flow path
identified in EE-1 by several temperature logs (the temperature-log results
had revealed a significant "counter-current" flow behind the casing—
traveling up through the region of poor cement and then exiting the annulus
via the joint at 9050 ft).

The tracer survey results were very revealing and would markedly influ-
ence the flow testing and redrilling activities to come. The principal finding
was that more than 90% of the water injected down the casing was turning
around at the casing shoe (at 9599 ft), thence flowing upward in the annulus
outside the casing, and finally entering the surrounding rock mass through
the joint at 9050 ft. The zone of fluid outflow from the annulus was about
33 ft long (from 9082 ft up to 9049 ft). In other words, these tracer results
unequivocally showed that the joint constituting the major flow connection
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-
potential (IP) experiment (No. 160, see below) would provide the final
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
fluid entrance assumed to be roughly in the center of the inflated joint, a
drilling target near its upper extent would provide the optimum separation
distance for heat transfer from the joint to the circulating fluid.

Simply stated, the shear-shadowing principle is based on the fact that
shear waves are not transmitted through fluid. Therefore, when an acoustic
signal is transmitted across a fluid-inflated joint, the shear phase will be
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
a corresponding depth in GT-2 and the detonators were fired, transmitting
acoustic signals across the upper EE-1 joint—first with the joint depressur-
ized and then with it inflated. It was anticipated that the maximum shear-
wave attenuation would be seen at about the joint's mid-height, where the
inflated cross section is greatest (in the case of the now-principal EE-1 joint,
near its intersection with the borehole at 9050 ft).

It appears that for some obscure reason, the geophysicist in charge of this
experiment was still working on the premise that the major flow connection
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
flow. Because of this lack of understanding, probably coupled with some
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
accepting any fluid, the joint actually interrogated was the one at 9050 ft.
The positions of the two boreholes relative to that joint and the locations of
the detonators and geophones (defining the acoustic-signal path) for each of
the four experiments are shown in Fig. 3-32.

For Experiment 159A, the geophone package was positioned in GT-2 at
9045 ft and detonators were fired in EE-1 at 9038 ft (within a few feet of
the intersection of the joint with the borehole)—first with the joint depres-
surized and then with it inflated. While the joint was inflated, attenuation
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
the experiment—who still believed the joint being inflated was the one at
9650 ft—viewed this result as anomalous.

For Expt. 159B, the geophone package was positioned at 8544 ft in GT-2
and detonators were fired at 8487 ft in EE-1. With the EE-1 joint inflated,
shear-wave attenuation was significant—again viewed as an anomalous
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
passed (side to side) through the center of the inflated joint (at 9050 ft), and
about 550 ft above its intersection with the EE-1 borehole.

N Locations of tools

for experiments
8000®7 D T
*Gyroscopic survey 159A: OA
* Magnetic multishot survey 159B: OB {250
O Multiple of 500 ft 159C: OC

159D: OD

Distance (ft) north of GT-2 surface location

8000 GT-2
7500 100

7000

| | |
400 350 300
Distance (ft) west of EE-1 surface location

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
GT-2 and the detonators were fired at 8762 ft in EE-1. With the EE-1 joint
inflated, shear-wave attenuation was maximum, a result consistent with the
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
in GT-2 and the detonators were fired at about 8000 ft in EE-1. The mean
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
would be very near the upper limit of the joint: the S-wave for the inflated
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
were passing through the very top of the inflated portion of the EE-1 joint.

1.6 I I I I I

14—
Hydrostatic

12—

1.0 —

Pressurized
0.8 -

0.6 S-wave arrival

04 |- P-wave

Acoustic signal power (arbitrary units)

arrival
02| \-‘"—. .
Y ’
i~ N\ :
0 | | | |
0 5 10 15 20 25

Time (ms)

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
the arrival of the S-wave about 7 ms later.

Source: HDR, 1978
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Experiment 159D provided a clear indication that the optimum target for
aredrilled GT-2 lay a few hundred feet below the 8080-ft mean depth of the
acoustic-signal path D-D.

Note that the overall height of the inflated portion of the EE-1 joint at
9050 ft, as derived from the shear-shadowing experiments (and assuming
a symmetrical inflation about the injection point) is about 2000 ft—a most
significant dimension, because it implies an astounding degree of flow
continuity for a heterogeneous rock mass!

Induced-Potential Survey of the EE-1 Joint

As the final experiment in this series (Expt. 160), the EE-1 joint originating
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
voltage generated over the lower part of GT-2 (7400-9100 ft), first with
the EE-1 joint deflated and then with it inflated by injection into EE-1. The
results of this IP survey indicated that the inflated joint extended upwards to
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
to the interval of greatest inflation of the EE-1 joint. (Note: with the steel
scab liner in GT-2, its top at 8973 ft, the portion of the inflated EE-1 joint
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
the next two months this joint was repeatedly inflated and vented; then on
April 21, with the injection of 3600 gal. at an injection pressure of 1600 psi
and a pumping rate of 9 gpm, it was finally extended to a (calculated)
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).
October 10 of that year saw the first-ever seismic interrogation of a
dilating joint in deep, hot granitic rocks. With the geophone package posi-
tioned at several depths in EE-1, the Western pump was used to reinflate the
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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
both its initial inflation and subsequent extension, was N27W. However,
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
recently drilled EE-1, the outflow from the GT-2 joint was observed to be
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
downward growth from its initial point of inflation at about 9600 ft).

x Gyroscopic survey N
¢ Magnetic multishot survey 8000 T
\ O Multiple of 500 ft

—250

— 200

Distance (ft) north of GT-2 surface location

450 400 350 300
Distance (ft) west of EE-1 surface location

Fig. 3-34. Region of closest approach of GT-2 and EE-1, in plan view,
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-
stimulated: the first at about 9650 ft and the second at about 9050 ft. The
deeper joint was first opened on October 14, 1975, by injection with the
Western pump at a rate of 2.1 BPM (5.6 L/s) and pressures up to 2400 psi.
Its measured strike was N54W.

The higher joint, up behind the casing, was first opened in May of 1976. This
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

Once the upper joint in EE-1 became active, the inter-borehole flow imped-
ance dropped to more reasonable values than those initially observed—
albeit still too high for a productive circulation loop. The following values
were obtained during the 1976 flow testing:

26 psi/gpm (Expt. 120)

24 psi/gpm (Expt. 122A)

30 psi/gpm (reached after an initial value of 100 psi/gpm—Expt. 133)
But then, inexplicably, the flow impedance increased during Expt. 137,
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
and then cleared by flow-through.

Reflections on the Geometry of the Joint System

From an examination of Fig. 3-34, it is tempting to draw some inferences
concerning the flow geometry between EE-1 and GT-2. First, if the fluid
injected into EE-1 flowed 100 ft laterally to the northwest, turned the
sharp corner into the GT-2 joint at the point of vertical intersection, and
then flowed back towards GT-2, such a path would explain many of the
experimental observations. The major flow impedance would be expected
to occur at the very confined intersection of the two joints—a contact zone
of unknown, but significant, height.

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.
The flow geometry was lateral rather than vertical, but would have been
sufficient for an initial heat-mining experiment. A year or more of work,
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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Phase | 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).

The plan was to first remove from GT-2 the temporary, 4 1/2-in. high-
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
the casing). With the true positions of the boreholes now finally known,
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 | Reservoir
Development and Testing

As detailed in Chapter 3, the HDR Project team had spent more
than a year attempting to develop a low-impedance flow connection
between EE-1 and GT-2. An unintended consequence of these efforts
was erosion of the poor cement surrounding the bottom of the final
casing string in EE-1 and, eventually (February—May 1976), the
opening of a joint behind this casing, at 9050 ft, through which flow
continued to increase. Ultimately, a connection to GT-2 was achieved
via this joint at a moderate flow impedance—about 24 psi/gpm—but
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
re-cementing of the final EE-1 casing, described in this chapter). Thus,
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
"legs" GT-2A and GT-2B). The second redrilling finally achieved a
satisfactory hydraulic connection with the joint opened from EE-1 at
a depth of 9050 ft, giving rise to the "original Phase I reservoir."

When three tests of this flow connection between the boreholes
(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
was re-cemented to seal off the flow path behind the casing into
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
original reservoir. Two more flow tests (Run Segments 4 and 5)
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.

However, the 9050-ft joint in EE-1 continued to play a significant
role in the enlarged Phase I reservoir; as pressurized flow testing
continued, fluid from the reservoir entered the EE-1 annulus via
this joint and progressively worked its way up through the incom-
pletely re-cemented region just above the 9050-ft depth. Eventually
a major bypass flow developed, which by early 1981 rendered EE-1
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
are. Only in the early 1980s was it finally recognized (except by
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
rock mass. The flow geometry was therefore much more compli-
cated than first thought: it consisted of a complex network of
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
been erected, the elevation of the Kelly bushing was measured as 8714.9 ft.

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
first attempt to sidetrack off this plug took place two days later. The drilling
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
higher in the hole than the first plug). On April 12, a drilling assembly
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,
some 75—-100 ft of cement fill had accumulated on top of the plug. As drilling
proceeded through this fill, the two collars above the motor became clogged
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
hole was flushed with a mixture of Baroid Quickgel and soda ash (often
referred to as a "mud sweep") to lift the cement cuttings out of the hole.!
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!)

"Mud 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.

Over the next week, five more attempts were made to sidetrack the
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
anew 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 Ib.

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
each) Dyna-Drill runs followed, the first with a 9 5/8-in. diamond bit and
the second, a clean-out run, with a Smith 9JA bit. On April 29, the final
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 1b
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: The sidetracking of GT-2 was the first effort of its kind in deep
basement rock. It took 22 days and about $300 000 to learn how to sidetrack
a borehole in granitic rock, but it was hoped that this learning experi-
ence would benefit all future sidetracking programs at Fenton Hill (and
elsewhere).

With the drilling of the GT-2A borehole under way, pressurization of
EE-1 began with the big (34-gpm) Kobe pump to inflate the 9050-ft target
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
bottom. The hole was first reamed to 8215 ft and then drilled ahead to
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
constant at 34 gpm. This joint intersection was about 400 ft above the fluid
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
the months preceding the redrilling of GT-2 had identified the upper
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
this joint at 8645 ft, which the outflow from GT-2A confirmed, should
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
time, the measured outflow from GT-2A remained constant at about 7 to
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-
tories of GT-2, GT-2A, and EE-1 in Fig. 4-1 (magnified plan view).

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
of the joint to the intersection at 8645 ft (13 ft, as shown in the figure), one
can calculate an actual inclination for this joint of 1.9° to the SW—very
close to vertical!

Pressurization of the Joint Intersection

A significant connection to the EE-1 joint having been established, plans
were now finally developed to pressure-stimulate this joint intersection.
High-temperature Lynes inflatable packers’ would be used to pressure-
isolate the upper portion of the GT-2A borehole while the interval below the
packer was pressurized. For the first pressurization (Expt. 161), on May 11, a
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
thereafter, flow was observed coming out of the annulus—indicating that at
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,
some bypass flow was again observed out the annulus. But when a check of
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
rose to 1830 psi and the annulus outflow increased to 75 gpm (about 1/3 of the
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.

The 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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To evaluate the flow impedance of the now-direct joint connection
between EE-1 and GT-2A, EE-1 was pressurized at 34 gpm with the big
Kobe pump (Expt. 163, which began on May 17). The measured flow imped-
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
the GT-2A production flow rate. The fact that the flow impedance for the
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
the EE-1 to GT-2 flow impedance, it now showed significant improvement
in a single week—and that with only the Project's 34-gpm Kobe pump.

But the flow impedance was considered still too high to proceed with
flow testing. As explained in the Chapter 3 summary, before the redrilling of
GT-2 the intrinsic impedance of the multiple-joint flow connection between
EE-1 and GT-2 had been in the 24-to 30-psi/gpm range until the quartz-
leaching experiment, when the flow path apparently became clogged with
detritus. When the GT-2A leg was drilled, this flow path was reduced to a
single-joint flow connection—now direct but still partially plugged, with
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
pump (around 2400 psi at 5 BPM [13 L/s]), it is probable that the flow path
could have been cleared—which would have dropped the flow impedance
to an acceptable level (about 10 psi/gpm). Indeed, as discussed later in this
chapter (see Run Segment 4: October—November 1979, 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
in an attempt to find an irregularity in the borehole wall as a kickoff point
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 Ib.

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
drilling runs with 9 5/8-in. Smith 9JA bits. The first reached a depth of 8269 ft
without any appreciable bit load. Following five orientation surveys (carried
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 Ib. With
continued drilling, the penetration rate was gradually increased to 3 ft/h as the
load increased to 3000 Ib. By the morning of May 22, at a depth of 8300 ft, the
load had increased dramatically—to 9000 1b. Drilling was continued another
14 ft, then the drilling assembly was pulled. This time the bit was well worn
across its entire face, confirming that granitic rock was being drilled and that
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
the use of a whipstock, both required considerable "finesse" on the part of the
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 Ibs; 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)
Kobe pump. When drilling reached 8686 ft, the assembly was pulled; the
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
properly in the difficult downhole environment, it was found that the
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
of luck in terms of confirming the nature of the pressure-opened joints
forming the Phase I reservoir: the reopened joint in the core was an actual
sample 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
experiments were performed in GT-2B to assess the nature of the new flow
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
flow connection (31 May—17 June 1977)

Expt.
No.  Date Description Remarks
165 31 May Initial system flow impedance =~ Measured impedance =
1977 measurement. 15 to 18 psi/gpm
(1.6-2.0 MPa per L/s).
166 1—3 June Pressurization of the 8769-ft During injection into
1977 joint connection in GT-2B to EE-1, water discharge
reduce flow impedance, with temperature at GT-2B
a Lynes packer set at 8706 ft. reached 130°C. Final
Western pump used to inject EE-1 to GT-2B flow
into GT-2B at rates varying impedance (with very low
from 1 to 5 BPM; then to inject backpressure of 70 psi
into EE-1 at 2.5 BPM. at GT-2B) = 9.5 psi/gpm
(1.0 MPa per L/s).
167 8—9 June Monitoring of pressure during  Second, larger pressure
1977 injection into EE-1 (big Kobe  response at EE-1, leading
pump) while drilling ahead in  to another coring operation
GT-2B. in GT-2B, at a depth of
8894 ft.
168 9 June Temperature logging in GT-2B  None of four separate
1977 during injection into EE-1,to  temperature logs confirmed
determine flow split between existence of second fluid
two possible fluid entrances in  entrance near bottom of
GT-2B. Temperature logging GT-2B.
in EE-1 during injection with
the big Kobe pump (GT-2B
shut in).
169 16 June System flow impedance tested ~ EE-1 to GT-2B flow
1977 during injection into EE-1 impedance about
at 5 BPM (final test before 10 psi/gpm.
casing of GT-2B.)
170 17 June Repeat of GT-2B temperature ~ Again, temperature logging
1977 log during injection into EE-1  did not confirm second

at 1 BPM for 9 h—to again test
whether flow was split between
two fluid entrances.

fluid entrance near bottom
of GT-2B.




162 Chapter 4 - Phase I Reservoir Development

A CLEAN MISS.

FRACTURE

DIRECTIONAL
DRILLING

—Roland Pettitt
1977

For Expt. 165, the big Kobe pump was used for an 8-hour pumping test to
measure the flow impedance of the joint connection from EE-1 to GT-2B. The
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
principal fluid inlet at 8769 ft, with a possible minor fluid entrance above this
point, at about 8670 ft. (Note: It is interesting that this minor fluid entrance
was almost directly above that of the deeper EE-1 joint [at 9650 ft]. If both
fluid entries in fact represented the same vertical joint, or a closely spaced
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
would be obtained during later flow testing—Run Segment 2 in particular.)
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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
(13 L/s), at a final injection pressure of 1830 psi. This pressure-stimulation
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
succeeded in reducing the overall system flow impedance to 9.5 psi/gpm.
(Because of ongoing problems with leakage, Lynes inflatable packers were
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
logging (repeatedly proven to be a good indicator of flowing joint intersec-
tions with the borehole) did not confirm a joint intersection at the then-
deepest point, 8898 ft. (Note: later, during Run Segment 2, temperature
logging and spinner surveys would reveal two GT-2B flow connections near
the borehole's final drilled depth of 8907 ft—one at 8880 ft and a second
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
(suggesting the presence of mineral-filled joints), and the Laterolog indi-
cated a joint intersection at roughly the same depth.

In retrospect, these logs were mainly a waste of time and money. The
Laterolog could not detect the very small amount of fluid contained in 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
featureless over the surveyed interval and served only to confirm a value
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
these logs was that from the 4-arm caliper survey, which confirmed the pres-
ence of the two calcite-filled joints observed in the core taken on May 29.

Experiment 169, a final assessment of the EE-1 to GT-2B flow imped-
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
GT-2B so that flow testing could begin.

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-
tional joints as well as the principal fluid entrance at 9050 ft.

(m)
2400 2500 2600 2700 2800 2900
200 | | | | |
1 Other joints opened behind casing
190 —
= 180 . .
o Principal fluid
o entrance at
2 9050 ft
T 170
(]
Qo
5
'_
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| | | | | | | | |

8000 8200 8400 8600 8800 9000 9200 9400 9600
True vertical depth (ft)

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
GT-2B, but their presence would complicate subsequent analyses during flow
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
cemented, it is likely that the injection of cold fluid down the borehole caused
thermal contraction of both the casing and the cement). Even a small flow of
water through such a micro-annulus could permeate into these joints, facili-
tated by the lower earth stresses farther up the borehole.

The next day the flow situation in GT-2B was assessed once more
(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.

On June 18 and 19, two more coring runs deepened GT-2B to its final
drilled depth of 8907 ft. The first run, with a diamond core bit, recovered no
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.

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

The first step in completing GT-2B was to set a cement plug in the borehole
above the depth of the primary flow connection at 8769 ft. (Because the
inclination of the hole at this depth was near-vertical, no bridge plug was
needed to prevent the cement from flowing on down the hole.) On June 20,
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
been dispersed by continuing flow from EE-1 (which, although shut in, was
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 Ib/ft, grade S-95 casing at the bottom
* 2800 ft of 33.7 1b/ft, grade N-80 casing in the middle
* 3158 ft of 33.7 1b/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.
A Halliburton float shoe was installed on the bottom of the string and a
Halliburton float collar was set in the string one joint (40 ft) above the shoe.

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 Ib (corresponding to a weight in air of
289 000 1b). The casing slips on the rig floor supported most of this weight
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 1b (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 | 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
various flow tests, geophysical logs, and temperature surveys. This model,
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);
4. significant fluid entry points into GT-2B (detected during the drilling of
that leg of the borehole) but no actual intersection of the EE-1 joint,
5. one or more flow connections, of unknown orientation, from the
9050-ft EE-1 joint to the GT-2B borehole, as evidenced by flow testing
(see Expts. 165-170, above);
6. a zone between the EE-1 joint and the GT-2B borehole that appeared, on
the basis of known joint structures, to be devoid of any connecting flow paths.
Although a number of HDR staff contributed to this concept, in no sense
did it reflect a consensus view. To resolve the apparent contradiction be-
tween (5), which implies that flow connections did exist in the intervening
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
spikes, signifying uranium), and flow (indicated by spinner surveys).
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
along the GT-2B and EE-1 boreholes (such as the flow connection—then
minor—shown in the figure at 8894 ft). One might just as easily have joined
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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What, then, was the true nature of the flow connections between the EE-1
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 | Surface Facility

Many pieces of equipment and special installations had to be put in place
before flow testing of the Phase I reservoir could begin. Figure 4-6 shows
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 400000-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

The hot production fluid from GT-2 flowed through a long, insulated pipe to
an air-cooled heat exchanger that was purchased and installed in 1977 (see
Fig. 4-6).* Once cooled, the fluid traveled to the injection pumps near EE-1,
where sufficient makeup water was added to reach the specified injection
flow rate (a makeup pump supplied this additional water, from the cylin-
drical storage tank adjacent to EE-1). The pressurized fluid from the injec-
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
the Project developed. The heat exchanger was used for all closed-loop flow
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
activities involved with the flow testing of the Phase I reservoir. All the
data for the surface system—flow rates, pressures, temperatures, changes
to certain valves (those not controlled directly in the field), etc.—were fed
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
was also the site of many spirited discussions as the flow testing proceeded.

Chemistry Trailer

The "Chem" Trailer was positioned next to the CDA Trailer and adjacent to
the water well and to the flow line connecting GT-2 to the heat exchanger.
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 | Reservoir, 1977-1978

The information in this section is abstracted mainly from Tester and Albright
(1979) and HDR Geothermal Energy Development Program (1979).

With GT-2B complete and some initial reservoir flow testing and
interrogation having been done, the surface equipment for the closed
energy-extraction loop was installed and checked. Everything was ready
by September except for the primary circulation pumps and the final
configuration of the CDA Trailer. The Project managers, who were anxious
to have a significant reservoir flow test to report by the end of the fiscal
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

Run Segment 1, also known as Expt. 176, was a 4-day (96-hour) flow
test designed as a preliminary checkout of the closed-loop heat-extraction
system (numerous "bugs" were anticipated) and as an initial assessment of
the reservoir's flow characteristics. Over the four days of this test—carried
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
fluid remained low (<400 ppm), and there was no induced seismicity.

Analysis of the surface pressure behavior during several Run Segment 1
flow shut-ins led to the conclusion that the flow impedance of the reservoir
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 body impedance; and (2) the imped-
ance in the highly stressed and flow-restricted zone where one or more joints
connected the principal EE-1 joint to the production wellbore, referred to
as the near-wellbore outlet impedance. 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.)

The minor component of the overall reservoir flow impedance, called the
near-wellbore inlet impedance, is the impedance to flow from the injection
borehole into the body of the reservoir, through the first few meters of the
connecting joints. This impedance was initially small (about 1 psi/gpm or
less), but diminished even more, to an almost unmeasurable value, as the
cold injection flow continued to induce thermal contraction of the already
pressure-dilated inlet joints.

By the end of this test, the produced thermal power had risen to 3.2 MW
at a production flow rate of 100 gpm and an outlet temperature of 130°C.
Run Segment 1 demonstrated for the first time that heat could be extracted
from a man-made HDR reservoir at a usefully high rate. Further, it raised
expectations that no significant problems would be encountered during
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
that nearly all of the injection flow (>90%) was exiting the EE-1 borehole
through the 9050-ft joint—yvia the annular flow path up behind the casing—
supporting many previous measurements of a split flow in EE-1 (see, for
example, Expts. 122A, 129, and 156 in Chapter 3).
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Run Segment 2: January—April 1978

Run Segment 2, a 75-day period of closed-loop, low-backpressure opera-
tion, was the first true evaluation of the thermal and flow characteristics
of a pressure-dilated joint network dominated by a single near-vertical
joint—the configuration of the Phase I HDR reservoir at this time. Water
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
drawdown profile of Fig. 4-7 would correspond to a heat-transfer surface
of about 86 000 ft* (8000 m?). If one assumes (1) a single flowing joint
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
size (one side) would imply an accessible joint width of about 300 ft.
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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 ft>.
Source: Tester and Albright, 1979
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The modeled thermal drawdown profile of Fig. 4-7 closely follows the
measured profile for the entire 75 days, which suggests that the effective
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
rock to the fluid flowing in the joint(s), less the amount lost to the rock
surrounding the borehole during the flow to the surface. For the last 28 days
of the test, net thermal power averaged about 4.3 MW.

Thermal power (MW)

0 | | | | | | |

0 10 20 30 40 50 60 70 80
Time (days)

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
complexity of the flow connections to the GT-2B borehole. During Run
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.
They illustrate how flow inlets tended to change or develop as the flow test
proceeded. For instance, the major flow connection at 8769 ft appears to
increase with time, becoming even more pronounced on the February 13
survey; a higher flow entrance (at 8620 ft) increases only modestly during
the span of the three surveys; the anomalous (high-temperature, low-flow)
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fluid entrance at 8670 ft* is essentially unchanged over the 9 days covered
by the surveys; and on the February 13 temperature profile, one or more
flow entrances are again indicated near the bottom of the borehole® (in addi-
tion to a completely new, cooler fluid entrance that appears to have devel-
oped at about 8820 ft). In other words, after only 16 days of production one
sees a considerable change in the flow connectivity to the GT-2B produc-
tion interval, with at least four joint connections. Most of these changes
probably resulted from the continuing pressurized flow from EE-1.

4 Feb 1978

150 —

9 Feb 1978

o
@ 140
p=}
©
@
Qo
§
= 13 Feb 1978
130
f Flow connections identified
before Run Segment 1
120 — *
| | | |
8500 8600 8700 8800 8900
Depth (ft)

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

“The fact that its presence made almost no change in the mixed-mean temperature
of the flow up the borehole indicates that this inlet had a very low rate of flow.

SEvidently 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.
For this reason, the depths of flow entrances in this vicinity are not easily iden-

tifiable, except possibly for the one at about 8880 ft (seen most clearly in the
February 13 survey).
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Given the proximity of the boreholes to the 9050-ft joint (see Fig. 4-5),
it is likely that the cooling effects of Run Segment 2 extended into signifi-
cant portions of the reservoir region by the end of this 75-day flow test,
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).

The circulating fluid was sampled at a number of locations around the
surface loop® during Run Segment 2, and its geochemistry was carefully
monitored for the entire 75 days. The results were anomalous. As shown in
Fig. 4-10, the silica content of the produced fluid generally increased over
the course of the test, while the reservoir production temperature (Fig. 4-7)
decreased. Such a fluid geochemistry behavior suggests the inflow into
GT-2B of a small amount of hot, saturated fluid not associated with the flow
from the principal joint—an inference supported by the concentration curves
of the other dissolved species (calcium, magnesium, lithium, sodium, potas-
sium, chloride, bicarbonate, fluoride, and sulfate), all of which increased
with time. The path through which this fluid was circulating apparently
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-
uting this fraction of hot fluid to the GT-2B production flow, via a long,
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
pathway for the flow into the 9050-ft joint, it would be determined that this
secondary flow path was the only remaining connection between EE-1 and
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
flow was being continuously recirculated through this secondary flow path
(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
probable secondary flow path connected to GT-2B first became apparent

Sampling 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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following Expt. 165, when temperature logs not only confirmed the prin-
cipal joint intersection at 8769 ft but also revealed a minor—but hot—fluid
entrance at about 8670 ft. This flow path showed up again in the three
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
this small secondary flow path was connected, and suggested an inflow at a
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
fluid during Run Segment 2.
Source: Tester and Albright, 1979

Nineteen days after the end of Run Segment 2, a temperature log in
EE-1 located the principal fluid inlets, but also several irrelevant—and
confusing—broad zones of fluid entry (Fig. 4-11). Unfortunately, as has
often been observed, a temperature depression does not always mean a
significant inflow of cold water. In some cases, a small temperature depres-
sion may be caused by long-term permeation of cold fluid into a joint (or
jointed interval)—as can occur when the individual joints are filled with
secondary mineralization that is somewhat more permeable than the
surrounding rock matrix.
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Fig. 4-11. Temperature profile taken in the injection well (EE-1) on June 2,
1978—19 days after the end of Run Segment 2 injection. Depression "E" is
the principal fluid inlet into the joint at 9050 ft.

Source: Tester and Albright, 1979
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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
cement at 7900 ft. With no significant annular pressure or flow (the annulus
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
the very significant cooling—for 75 days—of the injection borehole, wherein
temperature recovery may not always be uniform. Anomalies C and D occur
behind the well-cemented portion of the casing, where flow, if any, would have
been minimal, pressure was nil, and outflow at the surface was very minor.

In contrast, the anomalies at 9050 ft and 9650 ft (E and F, respectively)
represent true, flow-induced depressions associated with the principal iden-
tified joints intersecting EE-1. The estimated flow fraction represented by
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.)

As shown in Fig. 4-12, the flow impedance of the reservoir increased
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
the rest of the test it showed an overall decrease, to a final value of 3 psi/gpm
(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-
sure (both measured at the surface), divided by the production flow rate.
The results were then corrected for buoyancy—the difference between the
integral mean fluid density in the injection well and that in the production
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.)

A comparison of the flow impedance profile in Fig. 4-12 with the produc-
tion temperature profile in Fig. 4-7 suggests a strong correlation between
reservoir impedance and temperature. The most likely explanation for this
correlation is that the principal flowing joint dilated as it cooled, particularly
where the joints connecting it to GT-2B intersected that wellbore (the near-
wellbore outlet impedance)

The flow impedance exhibited a number of step-changes during Run
Segment 2. The most significant of these, which occurred on day 22, is
shown on the flow impedance profile (Fig. 4-12) and also on the tempera-
ture and power profiles (Figs. 4-7 and 4-8)—a sudden drop in impedance of
4 psi/gpm that nearly doubled the production flow rate at GT-2B, requiring
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
with cooling), it took many hours to get the flow loop running smoothly
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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Fig. 4-12. Net flow impedance during Run Segment 2 (corrected for
buoyancy).

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,
after 30 days the flow impedance had declined to the point (see Fig. 4-12)
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
profile is shown in Fig. 4-13.

The first component of the overall flow impedance, the body impedance,
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
outlet at GT-2B, where the streamlines of flow through the interconnecting
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
region of the near-wellbore outlet impedance, the overall flow impedance
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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Fig. 4-13. Profile of EE-1 injection pressure during Run Segment 2.
Adapted from Tester and Albright, 1979

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.” Reservoir water loss is inherently a very "noisy" measure-
ment, because it is calculated by subtracting the production flow rate from
the injection flow rate—both much larger quantities, measurement of which
is complicated by repeated flow shut-ins for repair of pumps or other surface
system components. At the beginning of Run Segment 2, as the principal
joint was reinflated, the apparent water loss was equal to the injection flow
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.

"Note, however, that had the injection pressure at EE-1 been maintained at a level
somewhat above 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"
fluid being stored in an ever-dilating joint (i.e., an expanding reservoir region).
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Fig. 4-14. Rate of water loss during Run Segment 2.
Source: Tester and Albright, 1979

The chemical composition of the fluid produced during Run Segment 2
was benign. At the end of the test, the level of total dissolved solids was
2000 ppm and there was no evidence of scaling in the surface flow equip-
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 ft* (8000 m*)—and essentially confined to the single
joint connecting EE-1 and GT-2B.

Toward the end of Run Segment 2, a small annular bypass flow developed
outside the casing at EE-1. Although estimated to be less than 1 gpm—not
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considered very significant at the time—this flow was an indication that the
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

The 75-day Run Segment 2 in 1977 represented the first-ever
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.

Following this successful field demonstration, the DOE directed the
expansion of the Project into a national effort. Known as the Hot Dry
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

Known as Experiment 186, or the High-Backpressure Flow Experiment,
Run Segment 3 was designed to confirm, or refute, Don Brown's assertion
that by imposing a very high backpressure at the production well—thereby
increasing the fluid pressure within the joint(s) connected to the GT-2B
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borehole to a level higher than the joint-closure stress(es)—the reservoir
flow impedance could be dramatically reduced. (Implicit in this assertion
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.

Run Segment 3 lasted only 28 days—cut short when the flow bypass that
had been developing in EE-1, through and around the poor-quality casing
cement, began discharging significant amounts of fluid out the annulus at
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,
not only did the overall flow impedance of the joint drop precipitously, but
the biggest factor in this impedance drop was the almost total elimination of
the stress-induced near-wellbore outlet impedance.

The temporal variation in the overall flow impedance for Run Segment 3,
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-
ance dropped steadily over the remainder of the flow test, to a final value of
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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Fig. 4-15. Flow impedance during Run Segment 3 (corrected for buoyancy).
Source: Dash et al., 1981
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This component had accounted for approximately 80% of the overall flow
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.

These results, then, further confirmed that there was no need to postu-
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
with the GT-2B borehole at the three most significant depths indicated in
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 en echelon 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.

* A N27W-striking joint had previously been identified close to the
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
a very short, low-impedance flow connection.

Note: As our understanding of an HDR reservoir evolved, several HDR
staff were becoming aware that not all the rock in the pressure-stimulated
region would be readily accessible to the circulating fluid at the lower
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-
lating fluid. This realization led to the concept of a circulation-accessible
portion of the reservoir: that portion of the stimulated region that was in
good thermal communication with the lower-pressure circulating fluid.
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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 ft* (8000 m?)
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
1400 psi—were sufficient to jack open the entire joint (and were probably
close to those required to jack open the set of connecting oblique joints
shown in Fig. 4-16 as well).

InfoNote

When the fluid pressure within a previously opened joint approaches the
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
field (not the laboratory) that at fluid pressures above the closure stress, the
joint continues to dilate, further compressing the surrounding rock.

The density difference between the cold injection wellbore (higher fluid
density) and the hot production wellbore (lower fluid density) produced
a negative 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
survey displays five flow entrances, rather uniformly distributed along the
production interval; the two deepest of these—at about 8880 ft (also identi-
fied on the February 13 temperature survey shown in Fig. 4-9) and at the
borehole TD (8907 ft)—represent almost 40% of the flow. In contrast, the
survey done under the high-backpressure flow conditions of Run Segment 3
(October 12, 1978) shows some 70% of the flow entering through these two
deepest joint intersections. (Note: Obviously, since the bottom-hole depth
is 8907 ft, there is some depth error in this survey.®) The remaining 30%
entered above 8850 ft, through other connecting joints. It appears that the
high-backpressure operation altered the flow connections to GT-2B, virtually
shutting off the flow entrance at 8769 ft that had been significant during Run
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.
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Fig. 4-17. Fractional production flow distribution in GT-2B under high-
backpressure conditions (Run Segment 3) compared with that under
low-backpressure conditions (Run Segment 2).

Adapted from HDR, 1979

Given the vanishing flow impedance of Run Segment 3, the joint connec-
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
near the end of Run Segment 2, showing a rather uniformly distributed flow
among at least five connecting joints, reflects the true complexity of the
reservoir at that time.

The annular bypass flow at EE-1 that brought a premature end to Run
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
only led to the annular bypass flow at EE-1 but, by opening up a major flow
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
to establish flow communication with GT-2. And had that been the case, the
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 Il reservoir that would be
created several years later (see Chapter 6).

The very low flow impedance achieved during Run Segment 3 was
important for understanding how interactions between earth stresses and
fluid pressures control joint flow in the hot crystalline basement, which
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
joints—would undoubtedly have been plagued by short-circuiting of flow if
operated under high-backpressure conditions. For such a reservoir, a high
near-wellbore outlet impedance would have been a "blessing in disguise":
essentially decoupling the individual joint flows from the effects of cooling-
induced thermal dilation. In other words, if initial flow in one of the parallel
vertical joints should be somewhat greater than in the others (as is likely),
with continuing reservoir operation the increasing flow in that joint would
produce a greater and greater degree of cooling, and of cooling-induced
thermal dilation, than in the other joints. Eventually, this process would
lead to short-circuiting, i.e., most of the flow being channeled through this
"favored" joint while very little flowed through the other joints. But a high
near-wellbore outlet impedance, being largely unaffected by temperature,
would tend to stabilize this flow behavior and lessen the chances of short-
circuiting. Further, the measure of flow control thus provided would be
much less complicated than the wireline-actuated sliding sleeves and other
hardware that some Project staff were working on to control the flow from
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 through-flow fluid
volume.’ This volume (calculated as the integral mean fluid volume) varied
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
smaller fluid volume at the start of Run Segment 3, when it was nearly
the same as at the beginning of Run Segment 2—reflecting the thermal
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
this section would (1) eliminate the annular bypass flow problem that had
prematurely terminated Run Segment 3, and (2) shut off flow to the 9050-ft
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
not produce any significant enlargement of the reservoir). Once the 9050-ft
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
in a flow impedance in the 10-15 psi/gpm range (far from the 1-psi/gpm
impedance obtained under high-backpressure flow conditions during Run
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
joint—thus the much higher flow impedance.

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
to plug the flow channels in the cement between the casing shoe at 9599 ft
and the joint entrance at 9050 ft. This cement—originally water-cut during

°The volume of fluid flowing through the reservoir at a selected time is deter-
mined from tracer studies, by one of a number of methodologies. The one used
throughout this book—except for Run Segment 5—is the integral mean fluid
volume. Other methodologies used, and cited in the HDR literature, include
the Median volume and the modal volume. The latter, which was used for Run
Segment 5 because the integral mean fluid volumes were erratic, is that volume
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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its placement three years earlier, by inflow from the pressurized GT-2 bore-
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
from the joint faces would first attack the cement behind the casing!)

For the re-cementing operation, Halliburton designed and tested a
Class H portland cement stabilized with 80% silica flour for longer-term
temperature stability. To prepare the borehole, the open-hole interval was
backfilled with sand to within a few feet of the casing shoe. Then the cement
was pumped down the casing, around the casing shoe, and up the annulus.
Pumping continued until the pressure increased significantly, at which
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-
quent two months confirmed that the 9050-ft injection region in EE-1 was
completely isolated. The only flow connection to GT-2 was now the one at
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
of flow behind the re-cemented casing, and clearly showed the principal
joint connection at 9650 ft.

While Expt. 194 was in process, the circulating flow impedance
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
suggests that cross-flow from EE-1 was entering GT-2B through the same
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
flow path. This conclusion was confirmed by gamma logging done under
pressure in GT-2B: the tracer appeared at the same joint entrances identified
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

Given the high flow impedance measured during Expt. 194, the HDR staff
realized that extraordinary measures—that is, stimulation at much higher flow
rates and pressures—would be needed to achieve a suitable flow impedance
through the reconfigured Phase I reservoir. (Interestingly, some prominent
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
at flow rates and pressures that, for the time, were very high.'® 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.

The first of these stimulations (Expt. 203) was conducted on March 14,
with two principal objectives:

1. To test the integrity of the re-cementing job

2. To reduce the impedance of the flow connection to GT-2B through

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
2800 psi in the first 30 minutes and continued to rise, reaching 2880 psi
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
was then resumed for an additional 1 1/4 hours. The final injection pressure
was 2130 psi—a significant drop, possibly suggesting that the inadvertent
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-
ceeded in significantly reducing the reservoir flow impedance, an attempt
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—
making it impossible to measure the flow impedance under steady-state,
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-
tion flow of 2.1 BPM (5.6 L/s) and pressures up to 2400 psi. 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),'"! which took place on March 21,
was designed to further improve the inter-well flow connectivity. Because
a pressure limitation of 3000 psi had been specified for the EE-1 casing,
the injection rate was not predetermined (sufficient rental pumping capacity
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
all, some 200 000 gal. of fluid was injected into EE-1 in 6 1/2 hours.

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 14001500 psi. With GT-2B producing at up to 100 gpm, the high-
backpressure flow impedance slowly decreased from 14 to 12 psi/gpm.

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-
backpressure flow impedance should have been no more than 1 psi/gpm.
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
inflating the interconnected joint system.

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
almostat the outset of Expt. 203 and continued ata 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

"As noted in Chapter 3, experiments were not always conducted in the order in
which they had been proposed (and numbered).
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and shear-stress-relieved during Expt. 203 was aseismically reinflated by the
injection of the first 65 000 gal. of fluid. It was apparently only near the end
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.

Analysis of the seismic signals revealed that from the fluid entry point at
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
that the effective heat-transfer surface would be significantly greater.
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| | |
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O Expt. 195 (21 March 1979)
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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
both Expts. 203 and 195 is confined to a near-vertical zone dipping from
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
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N55W)—would explain both the higher injection pressures required during
both stimulation tests and the significant shear release within this zone. A near-
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
then-active joint at 9050 ft (10°-20°). The tortuous flow across this zone of
intersecting joints gives rise to an "interior" flow impedance that modifies the
overall flow impedance from EE-1 to GT-2B—making it significantly higher
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
in GT-2B, at the center of the figure) is relatively quiet.

N

Distance (m)
190 290

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:
the first view perpendicular to the strike of the activity (in the direction
N75E), and the second view along the "plane" of the activity, in the direction
N15W. These two views show the seismically active region to be confined
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 seismic volume, would be 10 million m*.!> 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 m?), the seismic volume
would have a porosity of 1.4 x 10,

View to
the east

Distance (m)
100 200

[ )

Fig. 4-21a. Vertical projection of the microseismic activity recorded during
Expt. 203, as viewed in the direction N75E.
Source: HDR, 1980

>Throughout 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
volume. For the older, essentially single-joint Phase I reservoir region,
the metric for evaluation was the heat-transfer surface—the amount of
joint surface accessible to the circulating fluid. It is in a multiply jointed
HDR reservoir that vo/ume becomes the more significant metric. It is
the volume of rock accessible to the circulating fluid that is the most
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
that what these high-flow and high-pressure experiments had created
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 volumes:

1. The seismic 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
pressurized fluid to first dilate the joint.) This seismic rock volume
has associated with it a fluid volume, which is the volume of fluid
initially used to pressure-stimulate (usually at relatively high pres-
sures) that seismic volume.
2. The circulation-accessible rock volume—the smaller volume of
rock accessed by the circulating fluid during closed-loop reservoir
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 circulating fluid. This circulation-
accessible rock volume, which can be viewed as the active 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 after a significant
degree of reservoir thermal drawdown. However, the fluid volume
associated with this rock volume, the through-flow fluid volume, 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
heat-transfer surface continues to appear below in discussions of tests
and experiments based on that thinking.)
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State of Stress within the Phase | 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
NI15W (2130 psi), one can obtain the intermediate principal earth stress (G,)
directly, as follows:

O ormal = 030870 + 0,sin’¢,
where
0, (least principal stress) = 1240 psi,

Ohormal (closure stress on N15W joints, oriented N75E) = 2130 psi,

and

¢ (angle between the normal to N15W joints and least
principal stress direction [N111E]) = 36°,

0, = 3800 psi (reasonably close to the value determined by
Dey and Brown)

Note that this value for 6, 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 extensional, the maximum earth stress is vertical.)
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Flow Testing of the Enlarged Phase | 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
etal. (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
2. A 36-hour low-backpressure flow test (at an injection pressure of
1800 psi and a production borehole backpressure of 160 psi)
3. A two-stage high-backpressure flow test (at an injection pressure of
1800 psi and production borehole backpressures of 900 psi for the first
stage and 1700 psi for the second)
4. A 14-day heat-extraction flow test at low backpressure (an injection
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
equipment from the Western Co. was used for the first three stages.

The first stage of Run Segment 4 was essentially a repeat of Expt. 195 (the
second high-flow, high-pressure stimulation test following the re-cementing
of the EE-1 casing). The injection of 200 000 gal. of fluid, at a pressure of
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
period, for a final flow impedance of 27 psi/gpm (essentially the same as
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-
sure of 2450 psi. The production flow rate increased slowly during this
stage to 116 gpm—reflecting a somewhat improved flow impedance of
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.
During 60 hours of circulation, the production flow increased to 131 gpm,
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for a measured flow impedance of 7.3 psi/gpm—much improved. Seismic
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.

The fourth and final stage of Run Segment 4, which began on October 30
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-
tion: the produced geofluid was cooled and then recirculated, with sufficient
makeup water added to replace the fluid lost from the boundaries of the
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
surface plumbing could be re-configured for the closed-loop flow system
that would incorporate the Laboratory's newly acquired centrifugal pumps.
Then, about a week later, both wells were again shut in briefly so that the
shut-in behavior of the reservoir—both the injection and production sides—
could be observed and the several components of the overall flow imped-
ance determined (see Reservoir Flow Impedance below).

Under the low backpressure of the fourth stage and at a flow rate of about
95 gpm, the overall reservoir flow impedance slowly declined, reaching
13.1 psi/gpm near the end of this stage. The water loss varied over the
16 days, finally stabilizing at a rate of 20 gpm (17% of the injection rate).
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

Residence-time studies, using sodium fluorescein dye tracers, showed an
initial through-flow fluid volume that varied from 207 000 L to 283 000 L.
This integral mean fluid volume is four to five times that of the original
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
fluid volume increase of this magnitude might imply a heat-transfer surface
that had also grown by a factor of as much as five—to about 430 000 ft’
(40 000 m?). 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
their guesses—based on these changes in fluid volume—that the heat-
transfer surface was about 480 000 ft (45 000 m?).

InfoNote

For a reservoir consisting of only a few flowing joints, under conditions of
constant temperature and pressure and with no change in the joint aperture,
an increase in the tracer-derived through-flow fluid volume should be indica-
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
fluid volume, then, is not a reliable basis for calculating an increase in heat-
transfer surface unless these temperature and pressure effects can be corrected
for—in most cases a very difficult task.

Reservoir Temperatures

Figure 4-22 shows the temporal variation in reservoir-associated tempera-
tures, obtained from both geochemistry and fluid-temperature measure-
ments, during Run Segment 4. The most striking feature is the agreement
between the two geochemistry-derived curves (measured by Na-K-Ca and
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-
mometers are primarily influenced by temperature-dependent chemical
dissolution as the injected fluid flows across the hottest part of the reservoir,
i.e., the region near the 9650-ft joint entrance. In contrast, the reservoir
outlet temperature would (unfortunately) be most influenced by flow across
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,
clearly reflects (1) the heating to 190°C of the fluid flowing through the
newly opened joints connected to the 9650-ft inlet from EE-1, and (2) the
cooling of the fluid back down to 153°C as it flowed through the joints
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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Fig. 4-22. Reservoir outlet temperatures measured during Run Segment 4.
Source: Murphy et al., 1980a

Note: The principal objective of Run Segment 5, the 9-month flow test,
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 volume 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
complex flow situation: an unknown flow geometry in the newer, multiply
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 increasing slightly for the
first 100 days of Run Segment 5—see Run Segment 5 below).
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Reservoir Flow Behavior

During the multiple flow excursions of Run Segment 4, a decoupling became
apparent between the surface injection and production conditions. Operation
at either high backpressure or low backpressure had almost no effect on the
injection flow rate; that is, the rate required to maintain a constant pressure
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
doing." One would expect, then, that had the flow test been operated at a
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
Segments 2 and 3. Primarily responsible is the difference in flow imped-
ance—both magnitude and distribution—between the two portions of the
reservoir. For example, after a few days of flow testing during Run Segment 3,
cooling-induced thermal dilation caused the inlet flow impedance to vanish;
the elevated backpressure, by effectively jacking open the joint connecting
the boreholes, brought the combined body and outlet impedances to a very
low 1.0 psi/gpm. Under similar conditions, the residual flow impedance
(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.

An analysis of the GT-2B borehole flow and temperature data from Run
Segment 4 (Murphy et al., 1980a) showed that the flow through the enlarged
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
understanding for some of the HDR staff, who were finally recognizing that
the flow geometry of the enlarged Phase I reservoir was that of a complex,
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,
of a large region of high-pressure fluid. With the cessation of flow across this
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-
sented the approximate fluid pressure within the multiply jointed interior
region, or "body," of the reservoir.
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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
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Reservoir Flow Impedance

The flow and pressure data obtained during Run Segment 4 constitute a
crucial data set on the performance of the enlarged Phase I reservoir. From
it emerges a new picture of the composite flow impedance of this reservoir.

InfoNote

From Run Segment 4 forward, we give flow impedance values as directly
measured:

Impedance = inlet pressure minus outlet pressure divided by the produc-

tion flow rate, uncorrected for the mean fluid density difference between

the injection and production wells.

There are two reasons for this convention, particularly as regards the
overall flow impedance: (1) Subtracting the outlet from the inlet pressure
gives the actual pressure difference that had to be supplied by the circulating
pumps; and (2) Under most of the flow-testing conditions from October 1979
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).

It should be made clear, as part of the discussion of flow impedances
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
flow impedance for Run Segment 3 was 1.0 psi/gpm. Since by this time
cooling-induced thermal dilation had reduced the inlet flow impedance to
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
phenomenon: the marked effect, on the overall reservoir flow impedance at
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 Third stage Fourth stage
27 October 1979 30 October 1979 3-15 November
(08:00—-16:00 h)*  (00:00-08:00 h)*  1979*

Backpressure LOW HIGH LOW
GT-2B

Production flow (gpm) 116 129 95

Temperature (°C) 154 153 153

Backpressure (psi) 160 1480 160
EE-1

Injection flow (gpm) 246 380 120

Pressure (psi) 2450 2420 1400
Overall flow impedance

(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
Table 4-2—and the most significant for subsequent HDR reservoir develop-
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
of about $10 000 per day in today's dollars). Further, reducing the flow
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
flow impedance (two of which were undergoing changes), some significant
conclusions can still be drawn:

1. During high-backpressure operation (third stage), nearly all of the

7.3 psi/gpm flow impedance derives from the joint connections between

the body of the reservoir and the set of joints connected to GT-2B."* 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.

BIn 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
flow caused by the acute-angled intersections of the joints in the body of the
reservoir with those flowing into GT-2B.
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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
nature of flow at joint intersections.

2. When the difference between the flow impedance of Run Segment 2
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
a significant discrepancy—one that unfortunately cannot be resolved.
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
flow impedance of Run Segment 2 (13 psi/gpm on day 14) was attribut-
able to the near-wellbore outlet impedance. In contrast, during the fourth
stage of Run Segment 4, not only was the backpressure significantly
reduced from the level of the third stage, but the injection pressure was
too. The resulting overall flow impedance of about 13 psi/gpm is higher
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
pressure), which would have revealed the influence of the low backpres-
sure by itself.

3. Although it is tempting to attribute the entire increase in the overall
reservoir flow impedance (from 7.3 psi/gpm during the third stage to
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
flow test (Run Segment 5).
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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
and 195, the preceding high-flow stimulation tests (Fig. 4-25). Why did the
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 2 million gal. during the first three stages of Run Segment
47? (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
2900 psi during the first stage to 2420—2450 psi during the second and third
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)
was about 1.4 million gal. This fluid, amounting to four times 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.

—— Expt. 203 (14 March 1979)
—o— Expt. 195 (21 March 1979)
—e— Run Segment 4, 3rd stage (30 Oct 1979)
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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
accompanied by marked seismicity. But as the figure shows, the seismicity
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
shut-in of the flow system during the first 2 hours of the fourth stage. Consid-
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, recorded' 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.

Geophones
positioned
in EE-2 at
9465 ft

Distance (m) **
600 400 200
:

EE-1 A
injection point
at 9650 ft

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

on 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.
of water injected into EE-1 during the first three stages of Run Segment 4
(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
mainly upwards from the 9650-ft flow entrance in EE-1. However, the
seismic activity depicted in Fig. 4-26 maps a very large stimulated region
that is laterally 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—
during the first three stages of Run Segment 4 (which were essentially a
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
exhibit significant shear displacement). While this might largely explain the
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
injected fluid continued to flow outward to the boundaries of this expanding
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
Segment 5 flow test, which would end up lasting more than 9 months. But
even a partial answer to the first question would have to await a review of
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
data acquisition system. Some preliminary flow tests'® 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
day 68, a 2-day fresh-water flush beginning on day 105, and the 2-day Stress-
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.

About halfway through Run Segment 5, the makeup-water flow rate began
to increase and water began flowing from the annulus at the surface, indicating
that a renewed annular bypass flow was developing. This flow was slowly
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.
(As Fig. 4-18 shows, the re-cementing had sealed off the principal flow path
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 above 9050 ft). The new bypass flow, instead of coming from below
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.

Finally, the overall reservoir flow impedance remained at about
13 psi/gpm during flow testing, the same as that measured under low-
backpressure flow conditions during the fourth stage of Run Segment 4.
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
exhaustion. It was finally terminated by Rod Spence, the HDR Project

SThe 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
earlier, when the renewed bypass flow developed at EE-1, some HDR staff
had already pronounced Run Segment 5 "dead in the water." But others
wanted to continue the flow testing, hoping to glean additional information
(and besides, a "9-month flow test" sounded impressive).

Comparison of Reservoir Through-Flow Fluid Volumes:

Run Segments 2-5

The through-flow fluid volumes for the Phase I reservoir—as determined
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
mentioned in the HDR literature—is that the through-flow fluid volume
could never be greater than that allowed by the circulation-accessible rock
volume at a given operating pressure.

Table 4-3. Through-flow fluid volumes

Integral mean ~ Modal fluid

Elapsed time fluid volume volume
(days) (m’)* (m’)*
Original reservoir

Run Segment 2 (75 days,

low backpressure)
9 Feb 1978 8 344 11.4
1 March 1978 28 375 17.0
23 March 1978 50 54.7 22.7
7 April 1978 65 56.2 26.5

Run Segment 3 (28 days,

high backpressure)
28 Sept 1978 10 33.1 3.8
13 Oct 1978 25 56.5 11.4
16 Oct 1978 28 49.6 20.8

Enlarged reservoir

Run Segment 4 (21 days)
26 Oct 1979 —k* 207 136
29 Oct 1979 0 230 144
2 Nov 1979 2 262 121
12 Nov 1979 12 283 129

Run Segment 5 (281 days)
16 April 1980 38 404 155
9 May 1980 61 1100 161
3 Sept 1980 178 1311 178
2 Dec 1980 268 581 187

* All volumes are given in m® 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
reservoir modal fluid volume was therefore used instead to ascertain
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 m?) is about five times the modal volume at the end of Run
Segment 2. Similarly, the average integral mean volume during Run
Segment 4 (245 m®) 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
portion'® of the extensive seismic volume constituting the Phase I reser-
voir was one of significant cooling. But being unanticipated, this fact was
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
curve represent, first, the cooling produced in the original reservoir during
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
episode, brought about by the massive injection of cold fluid during Run
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,
flow into which was coming from behind the casing (through the cement
in the lower part of the re-cemented annulus, which had shrunk slightly,
forming a microannulus that would slowly be eroded by the continuing
flow). The intersection of this 9500-ft joint with EE-1 had been identified in
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
that would eventually be accessed by the lower-pressure circulating flow during
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

The perpendicular spacing between these two flowing joints (6 ft—as
shown in Fig. 4-28) is especially significant. It helped dispel one of the early
HDR myths: that two nearby joints could not be open simultaneously (the
theory being that the first joint opened would squeeze nearby parallel joints,
keeping them tightly closed). From the data shown in Fig. 4-27, this theory
is obviously false.

What is remarkable is that this non-flowing temperature log shows how far
the cooling wave produced by the repeated injections, first into the 9050-ft
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-
voir temperature measurements could be made. Also shown in this figure, to
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
can derive the width of this cooled zone first from Fig. 4-27, in which the
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
flattened "plateau" in temperature above and below this depth.)
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Fig. 4-28. Large cooled region produced during Run Segments 2, 3, and 4
in relation to the trajectory of the deeper part of EE-1 and the two principal
pressure-stimulated joints, whose orientations were determined from
seismic measurements. (This figure is essentially a magnified view of the
EE-1 portion of Fig. 3-34.)
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Figure 4-28 suggests that during Run Segment 5, the flow through the
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,
and finally exiting via the set of joints connecting the 9050-ft joint to the
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
195 might have been in direct communication with this flow is only conjec-
ture; but given the extensive joint system indicated by this large seismic
region, it is likely that the circulating flow also had some lateral component
in the N15SW-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
"manifold"—first for the large amounts of fluid injected to the far reaches
of the seismic region during Expts. 203 and 195, and then for the 1.4 million
gal. injected during Run Segment 4. All the cold fluid injected before Run
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
Run Segment 5 pressures and flow rates are shown in Figs. 4-29 and 4-30.
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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Fig. 4-30. Wellbore flow rates during Run Segment 5.
Source: Zyvoloski et al., 1981a

Figure 4-31 illustrates the variation, during Run Segment 5, in the
makeup-water flow rate required to maintain a constant injection rate at
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
this figure that were considered appropriate for comparison with reservoir
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
fresh-water flush (days 105 and 106) both caused major perturbations in the
makeup-water data used for water-loss calculations.

The renewed annular bypass flow that began to develop in EE-1 on about
day 160 is reflected in Fig. 4-31 by the apparent increase in the makeup-
water flow rate beginning at about that time. This secondary flow, from the
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
flow can also be detected in Fig. 4-30: the injection and production flow
rates begin to diverge at about day 160.) The flow of hot water to the surface
via this alternate path was clearly detrimental to accurate thermal modeling
of the reservoir! For example, it added several degrees to the normal heating
of the injection flow: the reservoir inlet fluid temperature, as measured at
9600 ft in EE-1, increased from 70°C on day 160 to 78°C by day 200.
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Fig. 4-31. Water-loss rates during Run Segment 5.
Source: Zyvoloski et al., 1981a

Finally, Fig. 4-32 shows the overall reservoir flow impedance during Run
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.

40

w
o
!

Impedance (psi/gpm)
3
(MPa per L/s)

N
o
!

1
-

0 | | | | | 0
0 50 100 150 200 250 300

10 March
Time (days)
Fig. 4-32. Overall reservoir flow impedance during Run Segment 5.
Source: Zyvoloski et al., 1981a
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Modeling of the Heat-Transfer Surface

Considering the geometrical unknowns and the poorly defined temperatures
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
cooldown profile shown in Fig. 4-33 was based on an aggregate heat-transfer
surface of 50 000 m?, 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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Fig. 4-33. The cooldown temperature profile for Run Segment 5 predicted
by the Independent Fractures Model (based on a heat-transfer surface of
50 000 m?), compared with the outlet temperature profile for the reservoir
as measured in the casing at 8500 ft—just above the several production
zones in the open-hole interval of GT-2B.

Adapted from Zyvoloski et al., 1981a

As shown in the figure, the measured outlet temperature rose during
the first 50 days of Run Segment 5, from 156°C to 158°C—a very strange
behavior for an HDR geothermal reservoir, and one that would suggest
a modest heating (by a somewhat warmer flow from the interior of the
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
about 157°C during this period. The modeled profile shows the tempera-
ture constant at 157°C for the first 75 days (halfway between the initial
and maximum measured temperatures); then after day 140 and for the rest
of Run Segment 5, the outlet temperature declines more sharply, in close
agreement with the measured cooldown profile—a strong indication that by
this time the cooling "wave" produced by the cold inlet fluid had reached
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
production flow rates from Fig. 4-30 into the Independent Fractures Model
(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 One joint, modeled surface = 15 000 m?
(Run Segments 2 and 3)

Enlarged reservoir One additional joint, modeled surface
(Run Segments 4 and 5) =35 000 m?

Total surface (both joints) 50 000 m?

However, one salient feature of the measured reservoir cooldown shown
in Fig. 4-33 escaped the analysts: The near-constant production tempera-
ture for the first 100 days or so implies that the effective 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
wave from EE-1 finally reached GT-2B (on about day 75), the reservoir
cooldown proceeded as if the entire 50 000-m? 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.
Obviously, in an interconnected, multiply jointed reservoir, individual flow
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
(identified as separate joint outlets by both temperature and spinner logging
during Run Segment 5). Note that the upper zone had the highest tempera-
ture, an intuitively anomalous behavior. However, the reservoir model
shown in Fig. 4-16 suggests that this zone, having the longest flow path,
would have enhanced heat transfer (through more contact with the hotter
rock in this region) but at the same time the lowest flow rate (because of
the greater resistance to flow). This is indeed what the Run Segment 5 data
show (Zyvoloski et al., 1981a).
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Fig. 4-34. Outlet temperature histories as measured at three individual
zones of the production interval in GT-2B (plotted on an expanded scale).
Source: Zyvoloski et al., 1981a

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
volume 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
heat-transfer volume). The first method is based on (1) the joint porosity, as
determined for the seismic volume (1.4 x 10*—see discussion of Fig. 4-21a
and b above) and (2) the known through-flow fluid volume. The main
constraint with this method is that it is often difficult to determine an appro-
priate value for the latter parameter. For the enlarged Phase I reservoir, the
through-flow fluid volume was determined early in Run Segment 5 (after
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 m* shown in Table 4-3 for
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the beginning of Run Segment 5. Although erratic during this run segment,
this volume 1is 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 m*). Using a through-flow fluid volume of 404 m? and a
porosity of 1.4 x 10, one obtains an estimated circulation-accessible rock
volume of 2.9 million m?.

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 m* (46 million ft*)—less
than half that derived by the first (porosity-based) method.

Geothermometer Measurements

The Run Segment 5 geothermometer measurements were adversely affected
by the presence of one or more flow paths carrying hot fluid between EE-1
and GT-2B at very low rates. Evidence for these flow paths was observed
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
(from temperature-probe and spinner flow data obtained near the end of
Run Segment 4). Note in particular the November 9 calculated point
at 225°C. The flow path suggested by such a temperature would have
passed well below the bottom of EE-1 before finally exiting into GT-2B at
8660 ft—and would obviously have complicated the geochemical results,
especially the geothermometer measurements. However, because the flows
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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Fig. 4-35. Calculated temperatures of fluid entering GT-2B at various
points along the production interval during Run Segment 4. The method of
calculation is shown in the inset. T1 and Tj are the measured temperatures,
Q1 and (Q1+ Qy) are the spinner-measured flow rates, and T is the derived
inflow temperature at the intersection.

Source: Murphy et al., 1980a

Figure 4-36 depicts the computed silica and Na-K-Ca geothermometry
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
low-flow-rate, high-temperature flow paths connecting EE-1 to GT-2B.
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Fig. 4-36. Comparison of the calculated geothermometer temperatures with
the mixed-mean reservoir outlet temperature.
Source: Zyvoloski et al., 1981a

Influence of the Nearby Valles Caldera on Dissolved
Minerals, Gases, and the Geothermal Gradient

As discussed in detail in Chapter 2, the environment deep beneath
Fenton Hill was influenced by diffusional processes associated with
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
which Don Brown selected Fenton Hill as the HDR site.) It should
then follow that the outward radial diffusion of volcanically derived
fluids from the caldera would likewise have been occurring over the
past 1 million years.
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The evidence is overwhelming that the connate fluid in the deep
system of sealed joints in the Precambrian basement at Fenton Hill
is derived from the then-active volcano immediately to the east. (The
added heat has been a blessing, but the associated fluids have been
a real headache! For example, because of the presence of dissolved
hydrogen sulfide [H,S]—a very poisonous, volcanically derived
gas—in the produced fluid from the Phase II reservoir, the entire
site had to be posted as hazardous and then monitored continuously
during Phase II reservoir development and testing.)

Geochemistry Results

Figure 4-37 depicts the variations with time in the concentrations of five
dissolved species (silica, sodium, chloride, potassium, and boron) in the
produced fluid during Run Segment 5. 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
concentrations changed very little, in spite of the gradually decreasing fluid
temperatures (Figs. 4-33 and 4-34). This would suggest that the elevated—
but near-steady-state—species concentrations were strongly affected by
the small portion of the production flow that was traversing the very large
system of semi-permeable joints in the seismic volume via one or more
high-temperature, low-flow paths; and that these joints contained sufficient
entrained fluid to stabilize the geochemistry of the produced fluid.

In all of these curves, one can discern the influence of the fresh-water
flush, an experiment carried out from June 26 through July 7. Fresh water
was injected into EE-1 to totally replace the recirculating flow, the produc-
tion flow being vented to the GT-2 pond. After about two days of open-loop
operation, during which some 250 000 gal. of fresh water was injected,
closed-loop flow was re-established.

The effect of the fresh-water flush is most evident in the silica concentra-
tion curve, which after 10 days "snapped back" to 228 ppm, its value before
the fresh-water flush. This behavior suggests that the fresh-water flush had
little effect on the hot, auxiliary flow paths, the fluid in them having reached
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-
trations of those species in the joint-filling fluid just beyond the active-
circulation region. In addition to their inability to "rebound" as quickly
following the fresh-water flush, the very high concentrations of chloride and
boron would be more indicative of hot fluid derived from the nearby caldera
than of fluid in quiescent equilibrium with a hot granodioritic rock mass.
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Fig. 4-37. Variation in concentrations of five dissolved species in the
produced fluid during Run Segment 5.
Source: Zyvoloski et al., 1981a
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For example, there were no boron-containing minerals within the Phase I
core samples, but boron in the produced fluid averaged about 10 ppm, not
atypical for a volcanically derived joint-filling fluid.

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
measured in the circulating fluid. This theory—now believed to be falla-
cious—was that the circulating fluid was flushing out pore fluid contained
in the regions of the rock blocks adjacent to the joint surfaces within, and
just beyond, the circulation-accessible rock volume. (This "pore" fluid was
assumed to be the connate fluid filling the sparse array of tightly closed—
but still interconnected—microcracks!’” in these rock blocks.) However,
with the rock blocks of the "active" reservoir being compressed as they
were, it is almost inconceivable that the very small amount of pore fluid
within them could be readily accessed by the higher-pressure fluid circu-
lating through the joint network.

The more reasonable explanation is that at least a portion of the fluid filling
the joints within the seismic reservoir volume had originated from the caldera
and was being circulated, at a very low flow rate, to the production well
during Run Segment 5. Such an explanation is supported by the chemical
composition of the dissolved gases in the produced fluid—in particular the
continuing high levels of dissolved CO; (70%—-80% of the gas fraction) and
the presence of hydrogen sulfide (ranging from 300 to 1000 ppm).

Stress-Unlocking Experiment

This experiment, known as the SUE, was designed primarily to determine
whether the reservoir flow impedance of Run Segment 5 (a near-constant
13 psi/gpm) could be significantly reduced by repressurization of the
reservoir at significantly higher levels (auxiliary pumping equipment was
enlisted for this purpose). The principal result of the SUE was a reduction
in the overall reservoir flow impedance of about 37%—from 13.5 psi/gpm
to 7.8 psi/gpm.

Note: A decrease in flow impedance had been achieved by this means
during Run Segment 4: while fluid was injected into EE-1, beginning at
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-
day pressure excursion was a drop in the overall flow impedance of 34%
(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.

"The average porosity of the microcracks representative of the rock blocks within
the circulation-accessible reservoir volume was measured as 10 (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
been prevented from moving by the confining earth stresses. An increase in
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
flow rate was then increased in two steps—to 10 BPM and to 18 BPM—and
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
flow rate, the injection pressure increased from 1600 psi to 2200 psi. After
7 hours and the injection of 270 000 gal. of fluid, EE-1 was shut in and
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
on December 9, when the rising shut-in pressure at GT-2B finally exceeded
1500 psi—the pressure for a warm column of fluid in GT-2B that would
correspond to a pressure of about 1300 psi for a cold column of fluid in
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 State of Stress
within the Phase I Reservoir 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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Fig. 4-38. Correlation between seismic event rates and system pressures
during the SUE.
Source: Murphy et al., 1981a

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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Fig. 4-39. Plan view of the seismicity produced during the SUE (as recorded
at the GT-2B station).
Source: Murphy et al., 1981a

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. Reservoir through-flow fluid volumes before and after the SUE (m?)

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-
voir flow impedance, the primary objective of the SUE. Analysis of the
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 MW,;. 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 MWy, 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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Chapter 5
Planning and Drilling of the Phase Il 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.

As late as the spring of 1979, while Run Segment 5—the first-ever long-
term flow test of an HDR system—was under way to test the enlarged
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!)

D.W. Brown et al., Mining the Earth’s Heat: Hot Dry Rock Geothermal Energy, 237
DOI 10.1007/978-3-540-68910-2_5, © Springer-Verlag Berlin Heidelberg 2012
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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
(7 5/8 in.) but also the condition of EE-1 following the 9-month flow test
(Run Segment 5) that ended in December 1979. By late 1979, a significant
bypass flow had developed: fluid was now flowing from the pressure-
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-
tion flow in GT-2B.

The Phase Il 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
expensive and difficult.
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Fig. 5-1. The geological setting of the Phase II HDR system in relation to
the adjacent Valles Caldera. The size and depth of the low-velocity region
are adapted from Roberts et al. (1991) and Steck et al. (1998).
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Fig. 5-2. Cross section of the Phase II HDR system (as planned).
Adapted from HDR, 1980

The rationale for this plan was based on a critical, but nonetheless erro-
neous, assumption (later referred to as the Phase Il assumption): 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 and 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
1200 ft (370 m). The planned final inclination of the boreholes was 35°
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
with inflatable packers, separated by about 160 ft; each interval would be
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 Il reservoir region, were no longer
continuous but were truncated by an array of significantly inclined joints.
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
very significant in terms of fluid storage and reservoir connectivity; but
the vertical joints were not the major flow paths. (These conclusions were
based on extensive analyses of flow, pressure, tracer, and microseismic data
obtained during the development and testing of the Phase II reservoir.) It
was the inclined joints that were the major flow paths and would ultimately
determine the geometry of the Phase II reservoir.!

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-
able time would be devoted to developing methods for controlling the flow
in individual vertical "fractures"—so that no single one would over-cool,
thermally dilate, and garner most of the flow (the dreaded notion of thermal
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).

"Even 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
Phase II reservoir at about 11 000 ft), their joint structures differed significantly.
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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
specifications for all equipment and materials needed for the project,
including bits, hydraulics, tubular goods, drilling fluids, drilling assemblies,
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
motor is moderate and is controlled directly by the flow rate of the drilling
fluid; in addition, the bit reaction torques are reproducible and familiar to
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
were not specified for directional drilling below 9800 ft (3000 m). For the
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)
turbodrills were designed with specific operating characteristics to match
(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
in the Rocky Mountains area would make it difficult to obtain a drill rig,
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 hole* and concreted in place—except
for the top 2 ft, which would serve as a cellar.

Note that in Fig. 5-4, this depth is shown as 110 ft—as measured from the Kelly
bushing after completion of the borehole.



242 Chapter 5 « Planning and Drilling of the Phase II Boreholes

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
specific Laboratory operations, such as wireline temperature logging. The
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,
tanks, and pipelines associated with the first two flow tests of the Phase I
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,? 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—Dbegan 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
Madera Formation is defined as the depth at which limestone becomes more
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
first major lost-circulation zone would be encountered at about 1900 ft.)
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.
(2400 L) of drilling fluid was lost into the same lost-circulation zone that
had previously been encountered in the drilling of the GT-2 and EE-1
boreholes (the severe lost circulation at that time had resulted in significant
problems of borehole swelling and caving above the loss zone). Lost-circu-
lation material was added to the circulating fluid, and as drilling progressed
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

3Depths in the EE-2 borehole were measured from the top of the Kelly bushing,
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.
First, a high-viscosity mud was pumped in to fill the portion of the hole in
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
hope of creating a plug that would fill and seal off about 100 ft of the worst
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
turned out, had been overdisplaced), the first of a series of obstructions was
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
the pressure of the very subhydrostatic fluid (mostly water) in the borehole
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
below the static fluid level of about 1700 ft, allowing reaming to continue to
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 below the loss zone, at about 2450 ft (750 m), to keep
the cement from displacing the less-dense drilling mud filling the granitic
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™*
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
difficult and time-consuming operation. Next, a bit and reamer were run
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.

On May 3, the run-in of the 13 3/8-in. casing finally took place. During
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,
as was common oilfield practice, rather than with a calculator—he made
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

A "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).



246 Chapter 5 « Planning and Drilling of the Phase II Boreholes

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,
any excess cement would flow into the loss zone). Then, to stabilize this
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-
ment water) reached the float collar at the bottom of the casing string, it
failed to seal-—allowing the cement to be overdisplaced into the brackish
aquifer flowing in the cavernous limestone on top of the Precambrian
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
float collar.) On May 5, a retrievable cement retainer was run in on 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
the cement retainer, filling both the casing below the retainer and the
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
should 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.

Over the eleven months from May 1979 to March 1980, a litany of drilling
and casing problems would ensue—almost all of them directly related to the
collapse and corkscrewing of the 13 3/8-in. casing when it was repeatedly
rammed into the granitic rock at the bottom of the hole.

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
three cones were missing, a specially ordered, 11 1/4-in.-diameter fishing
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
by a subsequent temperature survey, fluid was escaping into the loss zone
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
the casing at 2380 ft (725 m) and flowing upward, outside the casing, into
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the cavernous limestone region between 2354 and 2360 ft. (Note: one can
only assume that by this time—although the official documentation makes
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 above 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
further: metal flakes were appearing in the return fluid. After several passes
with a magnet and junk basket, some 30 Ib (14 kg) of metal fragments was
recovered from the borehole.

Drilling into the remaining debris and fill at the bottom of the borehole
began at a depth of 2405 ft (733 m), with a 12 1/4-in. bit. Almost immedi-
ately about 30% of the drilling fluid was lost through the hole and the splits
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-
rial (a thick, bentonite-loaded fluid containing wood chips and cottonseed
hulls) reduced fluid losses to 10% and finally restored full circulation by
the following day. When the bit was pulled, it exhibited "flats" on all three
cones, and an additional 12 1b (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
the lost-circulation materials again proved insufficient for sealing off the
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



Planning and Drilling of the EE-2 Borehole 249

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.
Drilling-out of fill and debris continued to 2602 ft (793 m)—at which point
circulation was again completely lost. With the fluid level in the borehole
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
of silica flour. (Cementing jobs were now requiring more and more massive
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, finally 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
created no problems requiring fishing operations.

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
depth of 1508 ft (460 m), and the annulus above the packer was then filled to
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
for the first time, in a test run, at a modest hole temperature of about
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,
to monitor its trajectory, to a depth of 15 273 ft, close to the final TD. All
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 £t (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 should have been 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
as Appendix E of the 1979 Annual Report) had specified a drilling
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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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 N8SOE below 14 000 ft). Later, this N70E
azimuth would be maintained for the directional drilling of EE-3.

1t would turn out that the maintenance of this very difficult azimuth
for over 6000 ft of directional drilling in EE-2 had absolutely no
relevance to the ultimate development of the Phase II reservoir.

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
(N70E), on July 8, 1979, directional drilling began to rotate the hole—first
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.

During the first of the downhole motor runs, an Eastman Whipstock
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-
tion of 3 1/4°. Over the next five days, angle-building, rotary drilling assem-
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
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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
directional drilling would be completed with a Scientific Drilling Controls
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
September 2, five different Maurer turbodrill runs were interspersed
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 decreased 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 N5S9E. 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
zone was identified by a temperature survey as lying within an interval of
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
Celloflake (0.25%) was pumped down the empty casing through five stands
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).

The next 18 days were occupied with fishing operations to clear the rest
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
fishing tools then had to be themselves fished out, and on top of everything
the drill pipe broke in the hole several more times. At last, on October 6,
Dailey jars set for 90 000 Ibs were used to remove the stuck BHA.

Rotary drilling finally resumed on October 7. A 403-ft (123-m)-long
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
a final size of 8 3/4 in. (22 cm), in two 20-ft stages: first to 11596 ft (3577 m)
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,
Fig. 4-3) was then employed for the first of seven coring operations.



254 Chapter 5 « Planning and Drilling of the Phase II Boreholes

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 NS9E, 35°.

The second coring run took place on November 20, between 12 266
and 12 276 ft (3739 and 3742 m). This run saw the first attempt to orient
a core; the selected device was an Eastman Whipstock core-orienting tool
protected with a heat shield. To help preserve the film within the tool, the bit
was pulled after only 10 ft of coring; even so, the "temperature-hardened"
orienting tool suffered severe heat damage, to the point that the film was
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 1b). On December 2, all the standard drill
collars (except the nonmagnetic Monel collar)—weighing a total of some
30 000 Ib—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,
a triglyceride-alcohol mixture, was added to the circulating fluid (at a rate of
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
$2 million in direct project costs (for rig time, contract drilling supervision,
special tools, commercial logging, fishing operations, etc.) would have been
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).

The fifth coring operation was begun soon after the 22 hours of drilling
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
survey to locate the depth of the fluid loss (probably again somewhere in
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).

Temperature surveying on December 21 revealed that fluid losses were
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
impression block, run in on drill pipe, confirmed that the collapsed casing
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
rapidly deteriorating, in addition to which large quantities of fluid were
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
efforts to control the fluid losses into the lost-circulation zone, brought
more frustration than success. The major "weapon" being used to combat
fluid losses was a succession of ever larger cementing operations, to try to
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 ft.
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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,
others with mills (concave-faced, flat-faced, and tapered) or swedges,
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
two video camera surveys. The first, run on December 29, revealed that an
"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
to the continuing loss of fluid into the cavernous limestone overlying the
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).? 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)—
possibly sufficient to cause collapse of the casing and/or breakdown
(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
a multiple-stage cementing job would be more complex and difficult than
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
cement and the static water level at about 1700 ft) filled with water.

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
from flowing on down the inclined borehole. The mud was followed by
200 gal. of water. Then the bottom wiper plug was dropped, and a slurry
of 3100 gal. of cement and silica flour was pumped on top of it (an amount
that ended up filling about 960 ft of the annulus). Next, the top wiper plug
was released and displaced with water to the bottom of the casing. It landed
in the float-collar plug catcher and held pressure. As soon as possible after
the tag cementing, the drill string was run in open-ended to just above the
float collar at 11 496 ft, for the post-cementing cooldown. For four days,
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
protect the casing during subsequent downhole work, the float collar and
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.

SThis 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
new footage was drilled for the first time in 126 days (since December 21,
1979). By May 1, with only minor difficulties, EE-2 had been deepened
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
damaged both the film and the tool. Preparatory to the seventh (and final)
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
rock bit was used for a final rotary drilling run from 14 966 ft to 15 273 ft,
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
recovered no core) contributed significantly to the knowledge base required
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
16 ft. Its final TD was 15 289 ft (4660 m), corresponding to a measured
TVD of 14 405 ft (4391 m). An Eastman Whipstock magnetic single-shot
survey, at a depth of 14 962 ft, showed its final trajectory as N79E, 35°—
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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Reflections on the EE-2 Drilling Operation

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
during Phase I would also constitute the major flow paths in the Phase 11
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
would have been all that was required. (In the final analysis, the directional
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 15

Tripping drill pipe 24

Reaming 5 45.5

Coring 0.5

Directional drilling 1

Remedial operations related to

Collapsed casing 23

Fishing 8

Lost circulation 2.5 34.5
Failures of directional- 1

drilling tools

Casing-related

Running casing 3
Circulating to cool 3 7
Cementing 1

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
drilled essentially as planned—albeit with a final azimuth below 14 000 ft
of about N8OE (Fig. 5-5); but the final depth was greater (14 405 ft TVD
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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Fig. 5-6. Sectional view of the EE-2 borehole trajectory, projected onto
a N71E-S71W vertical plane (from magnetic single-shot survey data).
Adapted from Helmick et al., 1982

Equipment and Materials: Performance in the
EE-2 Borehole

Drilling Fluids

The drilling fluids used in EE-2 were essentially the same as those used in
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
being drilled, a polymeric flocculant was used to keep the hole clean and
control the buildup of natural "mud" in the drilling fluid, generated from
the red shales of the Abo and Madera formations. In the two previous bore-
holes (GT-2 and EE-1), filtration-reducing agents had been used during
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
emptied of drilling fluid down to about 1700 ft, resulting in sudden loss of
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
was being drilled through, pre-treatment of the drilling fluid with 20% lost-
circulation materials limited fluid losses to only about 1500 gal. (5700 L), a
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
casing in late March 1980), very large amounts of drilling fluids and water
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
trucked to the site. But for the most part, the massive losses of fluid were
not accurately recorded at the time—no doubt because of the severe drilling
difficulties that constantly occupied the attention of the crew.

Precambrian Crystalline (Plutonic and Metamorphic) Rocks
Drilling of the Precambrian crystalline-complex rocks required a completely
different drilling fluids program from that used for drilling the volcanic and
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
abrasiveness of the formation) caused significant torque and drag problems.

Drilling fluid costs reached their highest levels by far on those occasions
when circulation was completely lost into the cavernous limestone over-
lying the granitic basement. Each time, the entire drilling fluid inventory
had to be replaced.
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When lost circulation was not a problem, and drilling was proceeding
with full returns, other factors controlled the amounts of drilling fluid
needed, and hence the cost. For example, the use of Torg-Trim II increased
the cost of drilling fluids by about one-third. This organic lubricant, which
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
of fatigue, torque, flexure, and tension applied to the tool joints), was effec-
tive only at temperatures below 190°C; and large volumes—on the order of
400 000 gal. (1 500 000 L)y—of circulating drilling fluid were required for
adequate cooling during its use. High temperatures caused the Torg-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
failure of the drill pipe was a concern. The use of an ammonium bisulfite
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 1b/ft*/yr. Again because of the high temperatures, large volumes
of circulating fluids were needed when these products were in use, which
also raised the cost of drilling fluids by about one-third.

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
by the drilling fluid). Additional features that made them more durable and
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
of drilling fluid.

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
Stratapax with polycrystalline-diamond cutters. (The modified JOIDES bits
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
over $10 000 for the bit alone.) The Stratapax bit had a 7 7/8-in. (200-mm)
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 Ib. A bit was replaced when its penetration rate
slowed to about half the initial rate. The condition of five of the Stratapax
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,
the overall good performance of these bits makes them the first choice for
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

Diameter, Temperature Length,
Type in. (mm) rating (°C) ft (m) Supplier
PDM* 63/4(170) ~175 20 (6.1) Baker Service, Houston, TX
Dyna-Drill,
PDM 73/4(200)  ~155 20(6.1) Smith International, Irvine, CA
Turbodrill 7 3/4 (200)  ~320 20.7(63)  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
EE-2, only one—the Scientific Drilling