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Abstract 4

The development of Hot Dny'Rbck (HDR) geothermal systems at the Fenton
H111, New Mexico site has required the drilling of four deep boreholes into
hot, Precambrian granitic and metamorphic rocks. Thermal gradient holes, four
observation wells 200 m (600 ft) deep, and an exploration core hole 800 m
(2400 ft) deep guided the siting of the four deep boreholes. Results derived
from the exp1oratioﬁ core hole, GT-1 (Granite Test No. 1), were especially
fmportant in providing core: from the granitic rock, and establishing the
conductive thermal gradient and heat flow for the granitic basement rocks.
Essential stratigraphic data and lost drilling-fluid zones were identified for
the volcanic and sedimentdry rocks above the contact with the crystalline
basement. Using this 1information drilling strategies and well designs were
then devised for the planning of the deeper wells.

The four deep wells we}e dri]Ted in pairs, the sha110we§t were planned
and drilled to depths of 3 km in 1975 at a bottom-hole tempefature of nearly
200°C. These boreholes were followed by a pair of wells, completed in 1981,
the deepest of which penetrated the Precambrian basement to a vertical depth
of 4.39 km at a temperaturé of 320°C. The drilling experience and develop-
ments wfll be of eSpecialjy' SignifiCant value in the p1anning of ‘future
drilIing‘for’the Thermal Regimes portion of a Continental Scientific Drilling

Program’(CSDP). Reviews of4prdb1ems and solutions in the areas of circulating

‘fjuids, cuttings removal, bit selection and rate-of—penetration, casing design

~and cementing, wellbore directional control, and costs form a framework for

that project planning. Thé influences of high temperatures, hardware limita-
tions, hard and abrasive fbrmations; Equipment fatigue, and remedial opera-
tions (fishing) must be coﬁsfdered and understood to ensure the achievement of

desired scientific goals. ;Successfui completion of the four deep boreholes at
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the Fenton Hill HDR geothermal development site has produced hardware,
technology, techniques, and provides practical examp]és and recommendations
that can afd with the effective planning and conduct of future deep scientific

drilling campaigns in the continental crust.

1. Introduction

This paper recounts the experience of deep drilling into hot crystalline
rock by the Fenton Hi11 HDR project (Fig. 1) to illustrate that such opera-
tions for scientific purposes are indeed possible. The discussion is intended
to provide general guidance for project planning for future scientific
drilling operations. The discussion also supports the thesis that experience
from past ambitious drilling projects can aid in the design of the strategy of
drilling and coring programs and help reduce costs and risks of such efforts
in order to maximize the 1ikelihood of success énd'scientific yield. Drilling
hardware, operations, problems, and costs are described to give information to
those interested in future,deep, scientific drilling projects in the conti-
nental cause. The focus is on deep (>3 km) large diameter [31.1 om (12-1/2
in.) to 22.2 cm (8-3/4 1in.)] boreholes with spot coring of selected sections.
The experiencé related here is in cOntrast to the relatively shallow, small
diameter, continuqus scientific coring operations such as those conducted to a
depth of about 2 km by the Iceland Research Drilling ?roject. Fridleifsson, et
al. (1982). |

The high formation temperatdres and very hard, often,fractured, abrasive
rocks penetfated at Fenton Hill are potentiaIly to be encountered in the
deeper portions of deep (»10 km) boreholes in areas of typical or average geo-
thermal gradients (e.g., 25°C/km), but especially in future projects planned

to perform deep sampling into geothermal anomalies. These types of projects
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have been discussed as part of the "Thermal Regimes" effort of the Continental
Scientific Drilling Program (CSDP). Potent1a1' §1tes include the Valles
Caldera, NM, Long Valley, CA, Yellowstone Natfonal Park, WY, and the Salton
Sea, CA. Details of thermal regime drilling objectives are recorded in the
National Research Council, "Continental Scientific Drilling Program" (1979)
and Goff and Waters (1980). Drilling, coring, borehole measurements, and
sampling for scientific purposes in such hostile enviromments can be unex-
pectedly costly unless detailed planning and supervision of the drilling and
coring operations by those experienced in similar operations is carefully
performed.

Projects contemplating core and fluid sampling operations under these
more severe conditions, especially higher temperature, will benefit from the
technology improvements outlined here. The special coring hardware and
drilling procedures successfully developed for the Deep Sea Drilling Project
and summarized by Larson, et al., (1981) for deep ocean sediment sampling are
11Tustrative of those developments proposed here. The value of specially
designed drilling equipment and procedures specifica11y for such scientific
drilling projects cannot be overemphasized. The high-temperature rated,
high-performance turbodrills designed and fielded for tﬁe HDR geothermal
project (Neudecker and Rowley, 1982) are an example of the type of advanced

technology development potentially required for successful achievement of

directional control of deep crustal boreholes. A second examp1e, of wider
fnterest to CSDP, 1is the hybrid core bit that waséneeded to achieve adequate
core quality, reliability, and recovery in the deep crystalline rock at_Fenton
Hi11 (Pettitt et al., 1980). Finally, it should be noted that most drilling
technology advances and case histories of potential interest to the scientific

community are reported in the engineering literature and are usually familiar
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only to a very small and specialized segment of the drilling and related
industries. Thus, J. Oliver (1982) quite correctly stresses the avaiiab111ty
of rig capability to perhaps 15 km (50,000 ft) depths. It 1s likely that
harder rocks, scientific coring and sampling requirements, and high tempera-
tures in drilling case of potential thermal regime targets will necessitate
significant shifts in drilling strategy away from that used in the petroleum
industry procedures, which primarily focus on optimum penetration rate for
commercial exploration and development. In addition, new technological
developments away from the main streém of commercial drilling activity are
difficult to transfer within the petroleum industry [Knight (1983)]1. Know-
ledgeable and experienced personnel will play a most important role in the
appfopriéte planning, supervising and on-line problem solving necessary to
successfully conduct and field CSDP deep sampling projects. Costs can

escalate rapidly and projeéts may fail if effective planning and experienced

| supervision are neglected.

1.1 Drill Site Location
The Fenton Hi1l site is located in Sandoval County, New Mexico, approxi-
mately 32 km west of the Los Alamos National Laboratory (Fig. 1). Fenton Hill

is in the Jemez Mountains (Fig. 2) and lies about 1 km outside the western

‘topograph1c~r1m of the Valles Caldera in a region termed - the Jemez Plateau.

Laughlin (1981), and Laughlin et al. (1983) review the selection and the

regional setting of the site. The brief summary here from Laugh1in, et al.

- (1983) is fntended as background for the drilling technology discussions that

follow:
"The Jemez Mountains 1ie on the boundary between the Colorado

Plateau and the Rio Grande rift in north-central New Mexico.
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Volcanism occurred over the interval from roughly 10 to 0.1 m.y. ago
(Bailey et al., 196%) with major caldera collapses occurring at 1.4
and 1.1 m.y. ago to form the Toledo and Valles calderas. Rhyolite
domes were extruded along ring faults of the Valles Caldera and they
surround a large resurgent structural dome, Redondo Peak. The
Redondo Peak area, which is highly faulted, is the site of a conven-
tional (hydrothevmal) ggothennal ﬁrospect currently under investiga-
tion by Union Geothermal Company of New Mexico.

The plateaus thét Surround the Valles and Toledo calderas are
capped by ash-flow sheets of Bandelier Tuff erupted during formation
of the two calderas. Beneath the tuff in descending order are older
volcanic rocks of the Jemez Mountains (Tschicoma and Paliza Canyon
Formations), the Miocene Abiquiu Formation (Abiquiu Tuff of Smith,
1938), the Permian 'Abo anmatioh (red beds), the Carboniferous
Magdalena Group (mainly Iimestbne), and Precambrian metamorphic and
igneous rocks. The Precambrian surface lies at a depth of about 730
m at Fenton Hill. Precambrian rocks are exposed at the surface a few
kilometers south and west of Fenton Hill. |

The Valles Caldera region and associated subjacent magma reser-

voirs provide an idea? setting for development of both hydrothermal

- and HDR [geothermal] systems. Only the presence or absence of

secondary permeability dfstinguishes these two systems.

: Dufing early stages in the selection of the Fenton Hill site,
eleven holes were drilled to determine the heat flow around the
periphery of the Valles Caldera [Potter, 1973; Reiter et al., 1976].
The four deepest holes, which reached depths of 152 to 229 m and so

‘are believed to yieid the most reliable data, indicate heat flow
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values of 92 to 247 mW/mZ. The drill hole yielding the 92 mW/m°
value was radially farther from the caldera, and probably sampled the
regional heat flow."
1.2 Geo1og1c‘8ection
| The 1locations of the shallow heat flow ho1es' are shown in Fig. 2.

Geologic features of interest to drilling technology are summarized in the
stratigraphic section' of Fig. 3 based upon results from subsequent deep
drilling of boreholes, designated as GT-1, GT-2, EE-1, EE-2, and EE-3 in Fig.
1. | |

The geologic section at Fenton Hill consists of approximately 152 m (500
ft) of welded vofcanic tuff overlying 244 m (800 ft) of Permmian red-beds
(shales and sandstones), 335 m (1100'ft) of Pennsylvanian limestone, and below
732 m (2400 ft) Precambrian crystalline basement of extremely low permeability
and porosity to 4.5 km (14,000 ft). The 1ithology represented in Fig. 3 was
estab1ished by spot cores and cuttings, and generally without the benefit of
geophysical logging in the deeper hotter sections. The temperature at the top
of the Precambrian formations fs 100°C (212°F), and the geothermal conductive
gradient in this crystailine rock increases from 55°C/km (30°F/1000 ft)‘to
89°C/km (49°F/1000 ft) at 4.7 km (15,000 ft) depth (Fig. 3). The temperature
at the bottom of the deepest borehole (EE-2) is 320°C (608°F) |

The Permian red beds and the Pennsylvanian clays, shales, and limestones

ane sensitive to a fresh water based drilling fluid and contain several highly

~ permeable zones that can cause lostbcirculation of drilling fluid. Several

units in the Permian and PennsyTvani&n formations in this section will also
swell and become unstable causing sloughing of the wellbore (E. B. Nuckols, et
al., 1981). In addition, a cavernous zone in the Pennsylvanian limestone just

above the crystalline basement rock at about 800 m (2400 ft) caused many

8
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extremely difficult drilling and casing problems related primarily to severe
Tost circulation (Laughlin, et al., 1983).

The Precambrian crystalline basement has high intact compressive
strengths, Tow pemmeablity and is very abrasive. Much of it is gneiss with no
discernible large-scale horizontal bedding. Several large intervals of grano-
diorite were encountered within the gneiss, and a number of narrow fractured
zones that contained chlorite, pyrite, and considerable amounts of calcite.
Much chemical alteration has occurred in these zones. They evidently are
shear zones or 1_o¢a11y shattered zones sealed or mineralized by the forceful
late injection of fluids and volatiles into the host rock (Laughlin et al.,
1983). Variations in drilling performance and unexpected directional-drilling
problems further indicated the presence of faults or altered zones in the
wellbores.

Drilling the first slim (small diameter) core hole, GT-1, was an
essential step in developing the scientific and enginéering aspects of the
site exploration strategy. The GT-1 borehole also served to delineate the
potential drilling problems and provided a means to forecast for the larger
diameter holes to be 'pri'ned through the section above the Precambrian rocks.
The GT-1 corehole a1sI> diécovered a shallow water-bearing unit used to supply
drilling fluid for the later wells. Analysis of the crystalline rock core
fron the bottom of GT-1 éstabH_shed an initial baseline for the drilling

' properties of this unit. Such a slim diameter, shallow, core hole should be

considered; as an essential element of a deep CSDP -hole, especially in a

frontier area where no previous drilling records are available. The effort

could usually be justified on the basis of the drilling-related 1ithologic

data alone.
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2. The Hot Dry Rock (HDR) Project

Natural geothermal reservoirs can form where water has contacted rocks
he’ated by shallow heat .sources within the crust. In a few places, large
circulating convection systems exist within porous or fractured reservoirs.
These natural hydrothermal systems, often capped by an impervious layer, are
éharacterized by high heat flux at the surface and are sometimes associated
with leakage of fluids fonning hot springs, geysers, and fumaroles. These
natural hydrothermal reservoirs are rare, but may be excellent energy
resources when properly exploited. Worldwide development of such high-grade
hydrothermal reservoirs, greater than 180°C at depth, s at an installed
electrical capacity of about 3200 Mu{e) (DiPippo, 1983) in 13 nations, from
about 3000 drilled production wells. Exploration activities have 1ocafed 147
hydrothermal reservoirs located in 43 countries. The current worldwide ‘growth
rate of installed geotﬁerma‘l generating capacity is approximately 15% per year.

Pursuit of research and development projects for innovative geothermal
energy extraction systems has ‘been motivated by the recognition that many

conventional hydrothermal exp1oratiyon and development wells do not produce

'ﬂuids. Furthermore, the ratio of dry to productive wells in hydrothermal

exploration averages somewhat greater‘than 3 to 1. The majority of the dfy,
holes are hot, but penetrate rocks that lack suffici‘ent’ fluids and natural
permeability. Such hot, dry holes can be excellent prospects for stimulation,
( Campbell, et ai., 1981) or for possib1e development as hot dry rock energy
extraction reservoir éystems. The latent energy contained in the HDR resource
is fmmense, and its successful development offers one pmhising alternative to |
supply a part of the world's increasing energy demands. Several HDR geoé _

thermal projects have been initiated around the world, with those in the

10
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Uhited States, England, Germany, France, and Japan being the most advanced
(Hefken and Goff, 1983).

Production of heat energy by the HDR technique involves creation of in
situ penmeabi]ity in hot rock formations by hydraulic fracturing followed by
injection and circulation of water. A two-well HDR reservoir system (GT-2 and
EE-1), was created in the hot crystalline rock at Fenton Hil1l. Water was
circulated and heat energy extracted to demonstrate the basic feasibility of
the concept.

The HDR project was initiated at the Fenton Hill experimental site in
1974. The first two deep BorehoTes (GT-2 and EE-1, see Fig. 4 and Table 1)
were drilled to about 3 km (10,000 ft) depth, at a bottom hole temperature of
about 200°C (400°F). This well pair was fractured in 1975-1977, to create the
first reservoir. Results of extensive circulation and heat extraction
experiments during 1978-1980 (Dash, et al., 1983) produced power at a 3 to §
MW (thermal) level for about one year and motivated the drilling of the deeper
well pair, EE-2 and EE-3, in an attempt to develop a 1argér and hotter HDR
geothermal reservoir.

This paper concentrates on the drilling experience from EE§2 and EE-3.
These wellbores are }nclined at 35° from the vertical and configured so that
parallel fractures could.be made between the wellbores to create a HDR general

reservoir (Fig. 5). The dr1111ng of EE-2 and EE-3 was finished in August 1961

(Helmick, et al., 1982 and Rowley and Carden, 1982). The boreholes were

drilled with open hole reservoir sections at 22.2 cm (8-3/4-in.) drilled

diameters. The EE-2 injection well was drilled to a measured depth of 4.66 km
(15,298 ft) and had a bottom hole static temperature of 320°C (608°F). EE-3,
the production well, was drilled to a measured depth of 4.25 km (13,933 ft)

1
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and had a bottom hole temperature of 280°C (580°F). High-precision direc-
tional drilling was used to position EE-3 at 370 + 15 m (1200 + 50 ft) above
EE-2 and within lateral location tolerances of +30 m (£100 ft). This was done
to maximize the possibilities for connection during post-drilling fracturing
operations. Figure 6 depicts the directionally drilled wellbore trajectories
for the EE-2/EE-3 well pair, and Fig. 7 summarizes the drilling histories for

these two boreholes.

3. HDR Experience Relevant to Scientific Drilling in the Continental Crust

Scientific objectives of a deep scientific hole in the continental crust
should be considered as early as possible to allow time for the development of
equipment and drilling procedures that are specifically designed for the
anticipated downhole conditions. Fenton Hi1l experience indicates that three
principals should dominate this development: phase:

0 Do not assume that the dril)ihgi industry or another project has

already developed a solution to a §pec1f1c problem.

o Do seek multiple and alternative solutions with in-depth backup.
Duplication of potential solutions will considerably reduce risk.

o Do expect special probiems caused by high'temperature. Elevated
temperature performance for conventional drilling equipment and
related services‘genera11y are limited to 150°C, but service to 200°C
can be obtained in a few instances.

3.1 Core Bits o o

Coring technology and hardware is an area of special importance to CSDP
projectsr and 1Jllustrates the above principals very well, The original
drilling plan for the first deep borehole, granite test No. 2, GT-2, in the

crystalline rock at Fenton Hi11 called for continuous coring using Deep Sea

12
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Drilling Program (DSDP) core bit. The DSDP had succeeded in developing a
Succeséfm rotary coring technology (S. Larson, et al., 1981) for the sea
floor sediments. The variety of coring tools that resulted were designed to
obtain quality cores from the unfque conditions and lithologfes represented by
the deep sea seydiments. These tools include: | (1) a piston corer for
unconsolidated near sea bed surface, oozes and sediments, (2) a rotary driven,
extended retractable core barrel for layered sections of highly variable
hardness, and (3) a wireline deployed core barrel, coupled to a rotary driven
four roller cone bit with tungsten carbide fnsert (TCI) cutting structure
(Fig. 8). This core bit was designed to provide very long bit life through
imposition of low loads on the roller cone bearings and long cutting structure
1ife for both the core trimming and drilling functions. These design features
resulted in long bit 1ife and therefore long intervals could be cored without
tripping the bit, and provided high quality core. The annulus of the borehole
drilled by this bit might be viewed as excessive with 25.1 cm (9-7/8-in.)

outer bit diameter needed to cut a 7 om (2-7/8-in.) diameter core. However,

~ this bit design provided a very effective solution and ‘a single bit could

often be used to core the entire sedimentary section before it waé dulled by a
short penetration into the basalt basement below. Initial trials at Fe‘ntoin
Hi11, however, sho‘wed ratherf poor core recovery, slow pehetration rates, and
short bit 1ife for the DSDP four-cone core bit. The primary causes were the
hardness and extremer abrasiveness of the cryStaHine rock which rapidly wore
the core-trimming TCI buttons. This caused the core d’iameter, to gradually

fncrease and to jam in the core catcher at the entrance of the core barrel.

This jamming resulted in breakage of the core into 5-10 cm pieces, which were

ground and abraded into near-spheres. Also, the TCI buttons on the roller

cones that preform well in sea bed sediments, wore rapidly in the deep GT-2

13
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borehole. A solution to the core problem. was sought using conventional
diamond core bits, but recovery was often very poor (Table II). F'in.:-x’ny,~
during the GT-2 drilling a solution was devised by a bit manufacturer who used
a hybrid four roller cone and drag bit (Fig. 9). The drag cutters were
fashioned from polycrystalline diamond compact (PDC) cutting elements
(Herrick, 1978). The core trimming was thereafter successful because of the
Tow wear rate of these PDC drag cutters. Good core recovery and reasonable
penetration rates of approximately 0.6 m/h (2.0 ft/h) were achieved.

M though this hybrid core bit was an adequate solution for the HDR
project, which only required spot coring through crystalline rock at the 3 to
5 km depth .interval, it seems clear that improvements in core bits and coring
systems will be needed if deep, extensive or continuous coring of crystalline
rocks are required for CSDP projects. It is judged that, even when optimized,
a limit on'bit life, penetration rate, and core quality will be reached for
this type of hybrid core bit if a rotary drive is used at great depths. '

A suggested development approach in coring technology research to solve
this problem would finvolve use of a hollow shaft turbodrill such as that
initially brqposed by the Moho project for coring of sea floor basement rocks.

Section 4, Fig. 16, indicates a cdnceptua] design for such a coring systgm.

The hollow shaft turbodr111‘wou19‘a1low wire]ine_core barrel retrieval. The

core bit and core trimmer should be developed based on the same phi1osophf as
used for the DSDP tool designs. Long bit life can be enhanced through designs
that useémuTtiple cones (for low bearing loads) that are combined with drag
cutters, ;and 1nc1ude  heavy gauge‘ and cutting structure wear protection.
Optimizations to increase bit life, and thereby reduce'tripping of the drill
string, and fimprove core quality should dominate the development. ‘The

turbodrill would provide the high bit torque necessary to drive the PDC drag

14



cutters. A higher rotating speed of the turbodrill relative to conventional
rotary drives will enhance peﬁetration rate and core quality through better
bit dynamics, and improved bottom hole and drill string mechanics. In
addition, the fatigue 1ife of the drill string will be much longer, a distinct
advantage when long cored 1ntérva‘|s are planned. Another design feature to be
considered is to allow the opportunity to replace or redress the core cutters
with each core barrel run. |

Turbodrill technology as; applied to deep drilling operations in crystal-
line rocks was furthered byj the HDR project when several deep directional
drilling operations were conﬂucted below 3 km and at temperatures exceeding
260°C (500°F). The successfgﬂ development and use of such a high-temperature
rated, high-torque, low rotﬁtionaﬂ speed turbodrill (Rowley and Neudecker,
1982) could form the bdsifs for design and development of hollow shaft
turbodrﬂls for CSDP corirjng application. These high-temperature rated
turbodrills could uniquely ﬁe used for hole straightening, sidetracking, and
directional drilling operations for CSDP projects; especially in deep hot
boreholes in the harder crysitan'lne rocks.

Rezanov (1981) déscrib'és deep scientific drilling in the Soviet Union.
From a Titerature study, "énd va visit to one deep drill site (Rowley and

Watkins, 1977), 1t appears that the deeper geologic and stratigraphic studies

'in the Soviet Union rely heavily on cuttings, and that a deep coring

technology has not yet bee:n devemped. ‘A core bit with 21.4 cm (8-1/2-in.)
outer diameter and 5.0 cm ;(2-111.) core diameter is mentioned, but apparently
used only for the shaﬂowﬁer parts of the boreholes. Ioanesyan and others -
(1981) discuss a honoﬁ shafi Soviet turbodriﬂ vused with high pressure drag
bits, but no mention was:made of use with coring tools. Déep continuous

coring is discussed as a needed and desirable goal. These very deep (greater

15
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than 5 to 7 km) scientific boreholes in the Soviet Union are befing drilled by
both rotary and turbodrill but most of the Soviet ofl and gas exploration and
production drilling 1s accomplished nearly exclusively with turbodrills.
Indeed, the Soviet petroleum industry personnel indicated that the deep drill-
ing program was looked upon by them as a drilling technology development
effort, and was directed toward the future when deeper petroleum production
drilling would be more heavily dependent on drilling in deeper, harder sedi-
mentary rocks. It s certainly true, as experience with the deep HDR
boreholes has demonstrated, that the high temperatures, high dynamic forces
and fatigue stresses imposed on all downhole hardware, represent a very good
test bed for finding weaknessgs in drilling hardware, and for developing
improved drilling hardware and techniques.
The Soviets also report:
0 Development of a high torque, low rotational speed turbodrill suitable
for crystalline rock drilling.
o That the 21.4 em (8-1/2-in.) roller cone bit size is optimum for bit
1i1fe and penetration rafe in crysta?fine*rock. "
o Difficulty in stabilizing'turbodkill assemblies to maintain a straight
hole.

These technological developments and observations by the Soviets for deep‘

- drilling are in accord with Fenton Hill experience. The significance of the

possibility of Tong, deep, open-hole sections has many practical advantages

}‘fOr the planning And drilling aspects of DSDP projects, and especially for the

potential scientific yield. The use of a protective or sacrificial casing
string (see section 3.5 below) is worth serious‘consideration. This approach
could be very valuable if long open-hole sections are to be rotary drilled or

cored beéause wear of permanent casing strings and drilling of the shallow

16
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larger diameter holes can be very costly and possibly present high risks. ‘The
Fenton Hi11 experience confirms the long-term stability of open hole crystal-
1ine 'rock sections. The EE-1 and GT-2 boreholes have remained stable since
1975 from about 800 m to about 3 km. Also the EE-2 and EE-3 wellbores are
open hole below the production 23.5 cm (9-5/8-in.) casing point with about 900

~m of open hole below as shown in Fig. 3.

3.2 Rock Bits

This section summarizes from the HDR project deep crystalline rock drill-
ing experiences in bit perﬁmnance and selection that should be considered in
any deep CSDP drilling plan and represent areas where serious and costly
drilling problems could arise. Technical reports by Helmick et al. (1982),
and Rowley and Carden (1982) give details.

The drilling of the deeper borehole pair EE-2/EE-3, summarized in Table
1, started with the spudding of the deeper borehole, EE-2, on April 3, 1979.
This deeper well was drilled to a measured depth of 4.66 km (15,299 ft); a
true vertical depth of 4,398 m (14,405 ft). The bottom open hole section was

drilled to 22.2 cm (8-3/4-in.) diameter and inclined at 35° from the vertical

by directional drilling. The drilling time was 409 days. The second,

shallower borehole, EE-3, was drilled to a measured depth of 4.25 km (13,933

ft); or a true vertical depth of 3,977 m (13,049 ft). EE-3 was drilled
parallel to EE-2, as shown in Fig. 6, at a vertical depth of 370 m (1200 ft)
above EE-2. EE-3 took 461 days to drill and complete. The drilling history
vs. depth'p'lots for the two boreholes are depicted in Fig. 7. This type of
presentation 1s used" througﬁout thé drilling industry, and is a valuable way
to éummarize é drilling program or plan. As‘ noted on the figure, both wells

suffered major mechanical problems; EE-2 a collapsed intermediate (34.0-m,
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13-3/8-in.) casing string and EE-3 a severe drill string twist off "and
subsequent sidetracking operation.

The proper choice of drill bits is an important aspect of deep drilling
in hard and abrasive crystalline rocks. Attention to early downhole bit
evaluation and tests can optimize drill bit performance in a given lithology
and avoid serious problems that otherwise could lead to lengthy renedial |
(fishing) operations. In this and the following sections it is assumed that
initial deep CSDP projects will rely mainly on rotary drilling with spot
coring., The major consideration in bit selection in deep drilling is bit
life, with rate of penetration a secondary concern. This is because of the
length of time required for round trips in deep ho1es-greater than 3 km.

Deep rotary drilling experience at Fenton Hi1l through over 7.6 km
(24,000 ft) of hot crystalline Precambrian rock has led to the following
conclusions about drill bits:

(1) Bit life is the major factor in bit selection.

(2) Drilling rates in crystaninerock are uniform with depth, ra.nging

roughly from 3 to 10 m/h (10 to 30 ft/h).

(3) .Drilling rate fis primarily' dependent upon bit cutting structure

tooth configuratfon; and the force on the bit. - o

(4) Outer diameter gauge wear fs the major bit problem.

(5) Sealed bit bearings are temperature 11m1ted open bearing bits are

required above about 200°C (400°F).

(6) Bit bearing Tife decreases with increasing temperature {i.e. depth).

(7) Only tungsten carbide insert (TCI) cutting structures were found

effective}for granite drilling.
Severe drilling conditions in hard crystalline rock will rapidly destroy poor
quality rock bits. Even minor manufacturing defects lead to rapid bit
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failures, which might not have occurred in less severe drilling conditions.
For example, each new bit run must ream the previous hole diameter slightly
because of hole taper due to gauge wear and hole diameter reduction from the
pfevious bit run. Also, bits with weak leg structures readily "pinch," lose
cutting structure teeth and cone tips, and torque-up quickly. Bit configura-
tions based on blast hole type rock bits proved superior for reaming and
drilling granitic and gneissic rocks.}

Based upon these.considerations, a special geothermal three<cone rock bit
was used to great advantage and almost exclusively to drill the deep, 22.2 cm
(8-3/4-1n.) diameter sections of the EE-2 and EE-3 boreholes. This bit (see
Fig. 10), is a nonsealed, air circuation, TCI bit. Several special design
features that account for this superior performance are:

o harder and more abrasive resistant carbide TCI buttons were placed on

the gauge row of the cones, _

o hard facing for extra wear resistance was used on the leg skirt-tails,

o wear pad build-up and carbide inserts were included on the shanks of

the legs,

o use of nonsealed bearings, and

o additional bearing c1éarances 81lowed for increased fluid circulation.

These features increased bit life and reduced the number of trips to an extent

~ that more than offset the modest (10%) additional cost of the bit. These bits

routinely provided bit runs greater than 60 m (200 ft),'with average bit life

greater than 90 m (300 ft). These long runs were made in the 35° inclined

. sections of the holes where abrasive wear 1s especially severe.
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3.3 Bottom Hole Assembly (BHA) and Drill String
The selections of a proper bottom hole assembly (BHA) and drill string
- are equally important for hard, abrasive crystalline rocks. The following
factors are most important:

0 A near-bit roller reamer (Fig..12) should be placed mmediately above
the bit to aid with the undersize hole gauge problem caused by bit
gauge wear. Blade type stabilizers (Fig. 11) wear far too rapidly to
be used effectively.

o Drill string diameter and strength should be chosen with stress
fatigue conditions as a primary guide. Generally, heavy wall drill
strings with diameters equal to or greater than 12.5 cm (5 in.) will
be necessary to accommodate the fatigue associated with extended hours
of deep rotary drilling and coring. It should be noted that the
larger inside diameters provided by these larger diameter drill
strings will accommodate wireline core barrel operations offers
potential for through-core-bit logging.

o A very thorough and rigorous drill string inspection program is also
necessary. | - o |

o The bottom hole drilling configuratfon should be a well stabilized,
strong pendu1um-effect assembly used with modest bit forces. This
will provfde-fpr straight hole drilling; an extremely important
objective in very hard formations. Crooked holes contribute to drill
string wear and stress cycle fatigue that result in downhole failures.
Further, 1t {1s extremely difficult to straighten, or \ream-out, a

crooked hole in crystalline rocks; therefore it is far more jmportant

to drill a straight hole than to drill at a high;penetration rate.
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o For very deep holes, greater than 5 to 7 km depths, a specially
designed, tapered diameter drill string will be required.
The importance of high dynamic forces on BHA, fatigue life, and the influence
of BHA design has recently been stressed by an analytical and experimenté\
study reported by Darring (1983). These results relate especially to drilling
or coring of harder rocks, ahd the problems avoiding resonance conditions in
the BHA collars that are driven by bit rotational impact forces.
3.4 Drilling Fluid System
Choice of suitable drilling fluid systems for deep CSDP boreholes will be
dictated by many complex and possiby conflicting factors. The primary and .
essential function of the circulating fluid is to clean the drill cuttings
from the hole. It may also be necessary to stabiiize the upper formations, or
those deeper zones, found to be water susceptible. Thjs is accomplished by
increases in fluid density and viscosity and additions of chemicals. The
density and viscosity enhancements are usually accomplished by adding various
clays (muds). It is often necessary to add chemicals to neutralize reactions
between the formations and the fluid, in order to prevent excessive wash out
of or squeezing into the hole. In the deeper, hotter portion of the boreholes
cooling of bottun;holei hardware 1s an important consideration. Chemical
additions for corrosion inhibition are necessary, especialIy“ in hot holes.
These circulating fluid requirements may be in conflict with the scientific
requirements to mihimize the contamination of borehole, cores, cuttings, and
formation fluid samples. To partially coﬁnter the contamination problem it is
;‘possib'le to consfder, the use of appropr'laté tracers 1nje;ted into the cir-
culating fluids to monitor the extent and nature of the invasions and contam-

ination.
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Many crﬂystaﬂine rocks are water insensitive, and are mechanically stable
and therefore a so-called "clear water" circulating fluid system can be
considered. Such a circulating fluid system is relatively clean, but it has a
relatively low viscosity and lacks efficient carrying capacity for the cut-
tings. This leads to poor bottom hole cleaning of chipS so that the cuttings
are reground to a fine powder and results in inefficient dr1111ng. Surface
inspection of fine cuttings is more difficult and can reduce the scientific
quality of this evaluation. The fine cuttings increase abrasive wear of
downhole hardware. Higher fluid pumping rates, that is higher fluid velo-
cities, and periodic sweeps with discrete slugs ("pills") of high viscosity
mud can be used to clean the hole. A second major disadvantage of the clear
water fluid system is that only slight lubricity of the wellbore is provided.
That 1is, high friction between drillstring, bottom-hole assembly and the
boreho1efwa11 can develop. Formations of low permeability cause 1ittle or no
. mud cake to form on the borehole walls and lubricity will be reduced further.
Low Tubricity leads to both high drag forces with increased risks of drill
string failure (twistoffs), stuck drillstring, and increased abrasive wear of
downhole _hardware. A complex mud system will not always be a drilling
advantagé, or a clear water system may be dictated by the scientific goals.
In that circumstance, Tubricity agents must also be added; a selection will be
based on the chemical Contamination restrictions 'of the projeci:. Most mud
systems have temﬁerature limits, an_d tend to degrade at high temperatures. In
addition, if circulation is halted (for example to éhange a dulled bit) muds
will harden in thev hot wellbore sufficiently so that they must be dfﬂ‘led out.
1f fracture permeability is encountered mud loss can.be very severe and,"with
temperature hardening the mud will plug deep into the fractures andposéib\y

restrict desired fluid sampling from fracture zones. Fluid sensitive or
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highly permmeable shallower zones, perhaps sediment&ry or metamorphic rocks,
might best be sampled with a separéte small diameter (slim), shallow core
hole, as outlined in Section 3.5. This approach has the advantages of
providing good core quality for these shallow zones, and the detailed
stratigraphy needed to effectively plan the subsequent, deeper, much larger
diameter, holes that can then be drilled with no core requirements and
therefore with an optimum circulating fluid program that 1is designed to
mitigate hole stability and lost circulating fluid problems. '
3.5 Casing Design .
‘ A casing design for a deep CSDP borehole will usually be quite different
than that for a deep oil and gas well. This is due mainly to: (1) different
rock types expected, (2) stable formation can be anticipated, and (3) larger
diameter bits will be required to yield long bit life in the deeper, hard rock
sections of the holes. ‘One design option might be to consider an open hole
method practiced by the Soviets. - This element of the Soviet “ultra deep"
drilling technology that might potentially be very fmportant in future U.S.
deeper boreholes 1is the procedure termed by the Soviet drillers as the
"advance open borehole drilling method." It is 111ustrated in Fig.412. The
more usual caéing design that involves cementing a sequence of progressively
smaller casing diameters and drilling beiow with’successiveiy smaller bits, is
" replaced by a caéing projrmn that drills ét an initial large\diameter of 92.0
cm (36-1/4—1h.) with a cementedein.72.0 cm (28-1/2-1n.) casing, Fig. 12(a). A

24.5 cm (9-5/8-in.) diameter protective, or sacrificial, casing string is run

- in but not cemented. Drilling udth;a turbodriii below this protective casihg
string proceeds with a 21.4 cm (8-1/2-in.) diameter bit and the ho]é remains
in an open condition to a depth and for as long a duration as the borehole

wall remains reasonably stable. When hole caving or sloughing occurs the
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drilling assembly 1is pulled from the hole and the protecting 24.5 cm
(9-5/8-in.) casing string is retrieved. The hole {s reamed to a larger
diameter below the unstable zoné, or to the bottom of the previous drilling.
Typically a 39.4 om (15-1/2-in.) diameter drill bit (or reamer) size is used
to opeo the hole diameter and clean out the borehole. Then a deep cemented-in
casing of 32.5 cm (12-3/4-in.) diameter is installed, Fig. 12(b). Drilling
operations continue, Fig. 12(c), following the installation in the reamed and
cased hole again of the protective or sacrificial 24.5 cm (9-5/8-in.) casing
that is not cemented in place. Drilling below proceeds with the 21.4 cm

(8-1/2-in.) bit. The Soviet reports stress the obvious advantages of such a
procedure of long open hole intervals for geophysical logging. Also they have
reported heavy casing wear of the protective strings from just the tripping in -
and out of the very deep holes. This technique was first used in the Kola

peninsula borehole (abbreviated as UD-3; ultradeep No. 3) successfully to a

10,780 m (35,367 ft) depth in 1981.

A seoond scheme is 1{llustrated in Fig. 13, a possible design for a
thermal regime CSDP project. A sequence of succossiveTy deeper holes provides
dota for the casing design for the next deeper core hole, while Tlikely
assuring higher qualfty cores, logging, and sampling of the upper part of the
section.  This approach provides the opportunity to design a sufficiently
durable and stable fina) casing program so that wear and collapse conditions
can be projected and accounted for. The major wear will come from the many
round trips into the deep holes and the long rotating hours caused by the slow
penetration rates experienced in hard rocks for both coring and drﬂHng.
Uphole casing collapse can result from wear, poor cementing due to lost
circulation zones, and exposure to high temperature fluids produced from deep

formations. Geologic knowledge from the earlier shallower core holes and

24



knowledgable drilling and casing designs can avoid or help mitigate these
problems. A collapsed casing can require lengthy remedial operations
(fishing) and repair, or in a worst case, the hole may be lost. This second
example is in reality a brief discussion of a general strategy for CSDP-
themmal regimes deep drilling. First, it must be appreciated that there is a
necessity to design the drilling, coring, and sampling program in response to
the scientific requirements of a particular thermal regimes project. This is
illustrated here by an example project that requires continuous coring through
and below an active hydrothemal system to a depth of about 8 km. This
example strategy is intended to maximize the recovery and qua'l'ii:y of core,
provide appropriate fluid samples, and preserve open-hole sections for
geophysical measurements. CSDP-thermal regimes drilling énd coring planning
must focus on the specific site scientific goals and objectives of the
particular CSDP project. These are expected to concentrate on coring and
sampling. Therefore the drilling strategy to optimize the scientific yield
will also be very site specific. The strategy proposed to’ achieve these goals
- suggests a sequence of progressively deeper and larger diameter core holes.
The sketches in Fig. 13 illustrate onev possible approach intended to
optimize fhe scientific yier. It is assumed th,at the scientific objectives
require essentially continuous core, fluid samples and oj:en-hﬂe 1ogging. A
three-stage, drﬂ\*lng ‘and coring program is proposed: o
(1) Siim hole core to the top of the hydrothermal system, Fig. 13(a),
shown at about 1 km depth.
(2) Use the 1ithology from this first stage to plan a second, larger
diameter hole designed to core through the hydrothemal system, and
below the depth reached by the first slim core hole. This second

section is expected to be primarily in permeable fractured rock
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(3)

formations; problems of lost circulation of drilling f1ufds;
borehole instability, and high temperatures will dominate this
stage. A dual string, gas 1ift core drilling system (Darring and
Ke1§ey, 1981) is suggested, Fig. 13(b) as one method of minimizing
Tost circulation problems. A depth of 3 km fis presumed to just
penetrate into the unfractured crystaliine formation below the
active hydrothermal convection system.

Dr111'a third, larger diameter hole through the hydrothermal system.
The know1edgé from the first and second ho1es is used to design the
upper portion of this third hole. It is a straight drilling
section, with no‘coring. An extra heavy casing is set and cemented
a few hundred meters into the crystalline rock. A secondf
prﬁtective, or sacrificial casing is set inside this primary casing
string, Fig. 13(c). Coring below fs assumed to be into completely
unknown fonmations.} The heavy casing program fs Suggested because

core drilling to a depth of 8 km and perhaps temperature of w500°C

-are anticipated. Very slow coring rate (many rotating hours) and

the time needed for solutfon of downhole problems must be
anticipated to ensure good recovery of high quality core. A 21.6 cm
(8-1/2-in.) diameter bit is suggested for this deepest core hole to

assure long bit life.

A1 three holes would be sited in close proximity at the surface so that

drilling surprises would be minimized.

This brief exposition {il1lustrates the types and range of drilling

strategy, hole designs, and casing schemes that might be necessary to conduct

a CSOP déep drilling project. Other CSDP projects will require different

drilling and sampling strategies. However, it {1s probably always wise to
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consider an exploratory, slim jfcore hole to 1.5 or 2 km depths as an initial
step in any unknown or wﬁdcat :area.
3.6 Fishing _4

As a final topic from thé experience gained from the Fenton Hill drill-
ing, it is necessary to discu‘ss the subject of problem solving operations in
deep boreholes. These remédial operations are usually referred to as
*fishing" in the drilling industry. The fmportant consideration is that, next
to avoiding problems, effecfive and efficient downhole problem solving is
extremely important. Experieﬁced personnel and the proper equipment and tools
are the essential 1ngredient§ to successful removal of broken hardware from
the borehole. It should be recognized that for the hot hole conditions to be
encountered in thermal regimes CSDP projects, many fishing tools are tempera-
ture 1imited, or have température degradable components. Examples are the
often needed wireline conductor cables and high exp‘los.ive charges used to
unscrew {backoff) downhole threaded connections. One slight advantage can be
cited for the very hard dee;per formations anticipated in many CSDP projects,
it is generally easier to fish objects (junk) from holes in the harder forma-
tions because there is less glikelihood for the junk to become jammed or pushed
out into the rocks, as fis ‘:often the case in softer formations. Failure to
remove (fish) junk from the hole ca_ﬁ have significant impact on a drilling
project because then the decisfon must be made whether to abandon the hole or
to drill around the Junk;(s“ldetrack the’ hole) from above the unretrieved
objec.ts and thus bypass thé Junk in order to continue drilling. Sidetracking
fn crystalline rock has proven to be very difficult (Pettitt and Carden, 1981)
and when completed, the crooked hole section produced introduces additional'
drillstring drag forces and 1vncreased stress levels. These hole conditions

will add to the drilling risks in the deeper parts of the hole. Especially
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important is the additional fatigue induced during deep rotary drilling or
coring.

Both EE-2 and EE-3 were problem wells, and plagued with lengthy fishing
operations as shown on Fig. 7. EE-2 suffered a collapsed intermediate casing
string and 34.5% of the 409 drilling déys were needed to clear the problem.
The EE-3 borehole suffered from a large number (26) of drilistring failures
(twistoffs). One especially bad twistoff required sidetracking. These
associated fishing and sidetracking problems occupied nearly 50% of the 461
drilling days.

3.7 Drilling Costs

The usual method of deriving detailed drilling cost estimates is to sum
up an thé individual cost element estimates of a sﬁecific detailed drilling
plan and borehole design. For a hole in the 7 to 9 km depth range, this is a
considerable task. Such a design, engineering Optimization, and cost analysis
effort might require ohe to two years of time, and this effort should be
allowed for in any CSDP planning and scheduling process. A quick order-of-
magnitude cost estimate can be gainedvfrom historical data. An example of
this type of data is shown in Fig. 14. Drilling costs are plotted on a log
scale ' against we11 depth for intermediate diameteb holes between 15.0 cm
(6-in.) and <30.5vcm (12-in.). These are cost data for geothermal production
and exploration well ‘drillihg and are refered to 1979 dollars, with an
escalation factor of about 17% per year used through 1981. For reference and
tomparison the average cost trends for U.S. ofl and gas wells are also
plotted, as are the‘costs‘of dr1]11n§ the five Fenton Hil1 boreholes, adjusted
to the value of 1979 dollars. As an 1mportént observation, the increased cost
effects of hard, fractured rocks and higher temperatures experienced 1in

geothermal and HDR drilling are evident, when compared to the oil and gas
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drilling experiences at the same depths. The cost depth trends are seen to be
exponential with depth. Clearly scientific boreholes drilled to 9-10 km
depths will be dear.

4. Recommended Drilling Technology Improvements

This discussion is an outline of needed drilling technology improvements,
with special emphasis on squtions} to problems assqgiated with deep, high
temperature drilling, coring and sampling in the continental crust. These
needs are drawn from direct rig-floor, fie1d experience attained during the
Los Alamos HDR drilling 6perations and from interactions with drillers from
Italy, France, England, the Federal Republic of Germany, Japan, and Canada, as
well as many U.S. geothermal drilling operators. Experience was also gained
through collaboration with the private sector to develop high temperature
downhole drilling tools such as hydraulic drilling jars, core bits, shock
absorbers, and turbodrills. In addition, involvement with development field
trials and of advanced rock melting drilling systems (Rowley, 1974) provided a
unique perspective on problems of high temperature drilling. Generally, these

brief technology descriptions proceed fram the simpler components needing

~improvements to longer term, more complex hardware {tems. Discussions of

advanted dr1111ng’methods or techniques that might be required for coring and
sampling 1in deep formét}ons at tenperature$ in eXcess of 600°C are not
included. '

This outline of needed improVements is organized into fiQe major
categories for the purpose of focusing the presentation. The topics selected
are drill pipe and bottom-hole assemblies, coring systems, ciréulating fluids,

fishing, and special tools and instruments.
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4.1 Drill Pipe and Bottom-Hole Assemblies (BHA)  ~ ,

Pipe Dope - A special high-temperature thread lubricant (pipe dope) is
needed when temperatures exceed 300°C. Adequate lubrication must be provided
to prevent galling, seisure, and tool joint (thread) maké-up downhole. A
positive seal must be maintained to prevent drilling fluid leaks and washouts.
Sulfur must be excluded from the lubricant because of associated corrosion
problems. A two-component system appears to be required: (a) an anti-galling
metallurgical treatment or coating on the threads, and (b) a high-temperature
"grease" that is in turn, composed of two components; one that will assure
proper flow characteristics at ambient temperatures and a high-temperature
portfon that will remain in p1ace as ’a seal and 1lubricating film. An
essential property of the thread dope or compound 1s‘that it must be capable
of breakout (being unscrewed) after extended stress cycles at high
temperatures.

Drill Collars and Drill Pipe Design - Special alloy collars with tailored

dimensions, and connection designs will be needed. The inside diameter of the
BHA and drillpipe should be selected to be at least 10 cm (4 in.) so that wire-
1ine core barrels can be run and logging can be performed within the drill
‘stfing. This will require special connection design4to increase high tempera-‘
’ ture strength and fatigue life. The alloy should be selected to provide
enhanced high-temperature ~hardness f(abrasiqn resistance), corrosion
resistance, and extended fatigue 1ife. Development of a special drill pipe is
recommended with a minimum 10 cm (4—in.)‘1nside diameter for the casing given
~ above. It will be nécessany to design a spec1a1vdr111 string for the extreme

depths (>5 to 7 km), with larger diameter and thicker walled sections located

at the top of the hole.
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Drill Pipe and BHA Inspection Strategy & Equipment - It is suggested that

two drill pipe strings be used in the coring of very deep formations, i.e.,
greater than 5 km., Avoidance of drill pipe failures in CSDP drilling projects
fs very important, and therefore frequent and detailed inspection will be
necessary. One effective strategy is to inspect one string while the second
s in use. A second element of ah effective strategy should be to develop a
special dedicated set of inspection equipment that will provide sensitive and
high reliability detection of flaws and allow rejection of flawed sections
(joints) of the drill string.

Dri1l Pipe Indentification System - A technique to uniquely and reliably

identify each length (joint) of drill pipe is needed. The system should
include rig floor identification reading scanners with on-line talley, drill
string stress computations, and accumulated stress fatigue cycle evaluations.
A schematic sketch of such a system is presented in Fig; 15.

Heavy Weight Drill Pipe Joints - To improve BHA deéign and downhole

drilling dynamics, and to reduce drag forces during rotary drilling and
coring, a special set of heavy wai] drill pipe joints should be provided to
replace upper section of the drill collars in the BHA. Special alloy
selection considerations should be similar to those suggeSted above fbr‘dril?
strings and collars. | f

Hardbanding - Adequate high-temperature hardbanding methods should be
developed to protect the dril1 pipe connections and collars from excessively
high abrasive wear rates. This is especially important in crystalline rock.

Float Values - Both rock bit drilling and coring operations in high-

temperature boreholes require the use of reliable check Va1ves in the BHA
above the bit. Otherwise cuttings and well fluids are prone to backflow up

inside the drill string and tend to plug the components of the bottom-hole
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assembly. - The problem is especially severe for wireline coring operations
that tend to swab the drill pipe when the barrel is retrieved, and for use
with downhole motors or other components that have tight clearances.
Temperature upgrading of float valves is recommended.

Dual String Drill Pipe System - Drilling and coring of active hydro-

thermal systems, with high permeability formations, usually involve severe
lost dr1111ng fluid circulation. Fractured rock units with extremely high
permeabilities are commonplace and subhydrostatic conditions are often
encountered. Solutions for these difficult conditions can sometimes be
achieved by ﬁse of concentric,'dua1 drill strings as indicated by Darring and
Kelsey (1980). Design and availability of such a dual string system that can
be used to at least 3 km depths, with wireline core retrieval [10-cm (4-in.)
I.D.] capability for the inner string, is recommended.

Reamers and Stabilizers - In hard, abrasive rock, drilling or coring

bottom-hole assémb11es (BHA) will require use of roller stabilizers in place
of blade stabilizers that wear too rapidly. A near-bit, roller reamer should
‘be run withva11 drilling and coring assemblies. Excessively rapid bit guage
wear results in drilling of a tapered hole diameter. A tapered hole in hard
rock can cause the BHA to become friction jammed in the hole. Extended
reaming of the borehole with éach new bit will be minimized by use of the
near-bit reamer. Use of roller reamers is also recommended, because
‘blade-type tools wear too rapidly and this loss of diameter can cause the BHA
‘to Jose directibnal control effectiveness. Drilling of a crooked hole can
result, and this is an especially severe problem in hafd rock.

Drill Eit Selection - In the drilling of hard, crystalline rock, bit

selection should primarily emphasize bit 1ife. Development of sealed bearing,

high-temperature bits would be an important and distinct improvement. Blast
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hole type bits, with heavy-section leg structures are suggested, to avoid'1eg
bending and cone pinching. Heavy guage wear protection is essential to retard
bit guage wear rates. Bit cutting structures must emphasize tungsten carbide
insert (TCI) button selection that provides_&ear resistance on guage rows and
high impact resistance for the insert cutters on the cones. Air cooled type
bits, desfgned for high-temperature geothermal drilling, can be used to
advantage with clear water or high-temperature mud fluid circulation systems.
Bit selection should emphasize bit 1ife for deep drilling in crystalline rock.
Penetration rate is a secondény factor in bit selection for hard, crystalline
rock. Rate details of the cutting structure design, for these rock types.
4.2 Coring Systems |

Rotary Diamond Coring -~ Technology and equipment exists for slim hole

coring to depths of 1.5 to 2.0 km depths. Efforts to develop and extend these
techniques and equipment to beyond 3 km depths are recommended with emphasis
on development of higher temperature diamond bit capabilities.

Downhole Motor Driven Systems - One drilling method for potential

improvement of deep core quality and recovery s the use of a downhole motor
to drive the core bit. For high temperature use this requires a turbodrill, a
40-m (120-ft)-long core barrel 1in front of the downhole motor, and special
core bits. Downhole motor; drives will 1mprover bottom-hole bit dynamics
compared to rotary drive corjng systems. In addition, drill pipe, stresses,
fatigue, and wear will be ;significant1y reduced, and up-ho1e casing wear
minimized. | | |

Wireline Barrel, Downhole Motor Driven System - A recommended system

conceptual  design is sketched in Fig. 16. The system includes a 10-cm
(4-in.) 0.D. wireline barrel, a hollow shaft (high-temperature) turbodrill, a
combined multi-cone and polycrystalline diamond compact (PDC) bit, and a PDC
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core trimmer included on the retrievable barrel. Significantly extended bit
runs can possibly be achieved with such a system. This concept is based
directly on the original Mohole and the DSDP coring system ideas, designs, and
experience.

Rotary Bit Improvements - Improvement of hybrid multi-cone plus PDC core

bits will improve rotary core recovery and extend bit life. Efforts to improve
this existing type of bit for specific rock types should accelerate the
development of dimproved core bits for hard rocks. Coring effectiveness
depends on 1ong bit 1ife, stable downhole bit dynamics, and effective core
cutting and trimming; features that are possible with hybrid core bits.
4,3 Circulating Fluids

Clear Water Systems - Scientific coring and drilling usually requires

that wellbore fluids and formation contamination be minimized. This often
requires use of a clear water circulating fluid. Drilling problems associated
with this approach are poor cuttings removal and ineffective bottom-hole
cleaning. Solutions to these problems with clear water circulation include
use of circulation of discrete high viscosity mud pills, and use of high fluid
flow velocities. An additional problem with a clear water system, is the
absence of filter cake (solids from the mud) deposited on the borehole wall.
This condition leads to high rates of abrasive wear of downhole hardware and
extréme]y high torque and pull friction drag forces on the drill String; A
'lubficity agent can be used to 6ffset theSe latter conditions; however, an
suitably inert and stable high-temperatdre additive does not yet exist.
Cuttings Removal - Removal of very fine cuttings from the drilling fluid

 is difficult, but important in scientific drilling or coring situations. The
clear water systems are difficult to remove cuttings at the surface. Use of

high viscosity pills as mentioned above are an aid to solving this problem,
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but more effecﬁve filter and centrifugal mud solids removal systems "are
needed.

Fluid Cooling -~ High temperature downhole conditions will usually require

use of a surface fluid cooling systém. A heat exchanger system with low
circulating fluid aeration or oxygen entrainment is most desirable in order to

reduce corrosion control problems.

Corrosion Control - A carefully designed corro;ion control system is

jmportant. Minimization of exposure to air and suppression of oxygen entrain-
ment are necessary. Consideration of use of a nitrite additive as an oxygen
’ scavanger is recommended. | A complete and effective fluid chemistry and
corrosion monitoring system is essential.

Rig Pumps -~ It is necessany to}provide for sufficient excess rig pump
flow and pressure capacity to handle high flow and pressure requirements
needed for extended cooling and problem solving demands that will arise in
deep, hot thermal regimes boreholes.

Lightened Fluids - Use of nitrogen gas, water mixture and use of nitrogen

foams can be effective in fluid loss, corrosion and formation contamination
problem situations. Lightened fluid columns with good cuttings removal can be
achieved with foams. Development and fabrication;of diesel éxhaust nitrogen
- gas production systems (Osgerby et al., 1981) is strongly recommended. Coring
operations with sugh,)ightened fluids and.nitrogen gas must be developed.

Higher Temperature Rated Muds - It can be expected that deep formations

‘that are unstable due to interactions with water or high pressure conditions
will be encountered in some CSDP thermal regime targets. An improved high
temperature mud system will be needed to cope with these problems. Capability

beyond the present sepiolite clay-based systems (300°C) is required.
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Lost Circulation Control - Improved high temperature “additives" and

placement tools for lost circulation materials (LCM) should be developed.
Lost circulation zones can jeopordize coring. Systems designed specially to
control circulation lost to fractures need to be developed.
4.4 Fishing

Fishing Tool Upgrade - Downhole problems can be expected in any deep, hot

hole, and therefore an essential tésk of drilling and coring procedures is to
solve these problems effectively and rapidly. This requires a review, and
then development effort, to upgrade the temperature rating of the usual
downhole tools required to conduct such "fishing" operations. Typical

equipment upgrading needs are .

0 Drilling and fishing jars, hydraulicai]y operated units are most
desirable,

0 Mills, especially the cutting structure.

o Back-off high exp1osive shots, especially high temperatures,
detonators and wirelines.

0 Seals for grapples and overshots.

0 Impression blocks. |

o Cut-off tools.

o Free-point detection tobls.

These improvements are 1mportan£. because: the downhole problems often
preclude the use of fluid circulation for cooling that can help marginal or
underrated tools function. |

' Exgeriené - An essential element in any successful fishing operation is

the selection and availability of experienced personnel.
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4,5 Special Tools and. Insfrunents

Sand Line - The cables used to run various downhole tools in hot bore-
holes must have steel wire cores and be high temperature rated. Socket
connections must be mechanical in design, because commonly used babbitt metals
melt well below 300°C.

Bore'ho1e Survey Instruments - Drilling of straight or deliberately

deviated holes demands good single- and multi-shot survey instruments. Both
magnetic (compass) and gyro instruments for higher temperature service are
needed.  Steering tools for directional drilling monitoring and control of
directional correct‘ions must be available for the more extreme temperatures
anticipated in CSDP thermal regimes projects. Crooked hole conditions are
special hazards in the high-drag conditions encountered in boreholes in hard
crystaﬂine. rock. Excessive crooked hole condions {"doglegs") can seldom be
eliminated or cured by even extended reaming with stiff reaming assemblies.

Hole Caliper - Knowledge of borehole wall rugicity, is essential to many

drilling, coring, casing, and downhole tool-running operations. As an
example, a top priority need exists for a caliper run before any drill stem
test or packer setting operations are attempted.

Drill Stem Tester - It is often very desirable to obtain a fluid sample

during drilling or coring operations. If a wireline core system is employed,
then a sampler can be run within thé drill pipe and, if contamination by
dril‘ling f'luid is not considered to be a problem, a sample can be obtained by
reversing ﬂow into the sampler. Howéver, if drilling fluid contamination is
to be avofde‘d,‘a dril) stem tester (DST) as shown in Fig. 17 can be used. The
packer seal to the wellbore wall need not resist large pressure differences,
beéause it functions mainly as an isolation seal from the drilling fluids in

the annulus. The packer 1is only to be used once so high temperature
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non-elastomeric materials and compfession-type packer, activated dpon
set-down, can be (_:onsidered. " The drill stem tester is run only partially
filled with (clean) water so suction draws the sample from the zone being
tested. A reliable "high-temperature mechanically opened valve and a flow
check valve are required. The scheme shown in Fig. 17 includes a\sniaﬂer
diameter bottomhole drilled section, or rathole. Drilling this reduced
section can enhance the wellbore surface finish for improved packer setting
and sealing. Subsequent ream-out of the rat hole is possible, and spall, or
hole sloughing, caused by the fluid sample withdrawal can be removed. Such a
scheme also minimizes hole swabbing at retrieval of the DST system, and can
alleviate packef washout during running into the borehole.

Packer Systems - Development of high temperature packer systems should be

given a high priority. A variety of configurations, i.e., single set and
straddle; both hydraulic and mechanical setting mechanisms; and inflatable and
compression systems should be persued.

Cementing - Improved high temperature cements, cementing hardward and
placement techniques are needed to assure adequate hole cesing programs and to
support many’remedial operations; e.g., borehole sidetracking and hole

.stabﬂizatibn.- Reliable cement slurry formulations that are stable against
- adverse downhole chemistry, gases, and high temperatures are needed. The
set-up and cured cement should be durable, of low permeability and retain
strength. Improvements in placement hardwere and procedures are also

necessary. -

‘ Downhole Coring Monitoring - The requ1rements for high quality core and
good recovery of scientific drilling projects dictate that the development of
2 downhole data-while-coring (DWC) system is warranted. Core quality and

recovery are directly related to the control of the drilling parameters, and
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BHA and core bit dynamics. Therefore development of an instrumented, high
temperature rated subassembly (collar) with appropriate drilling parameter and
dynamic force and motion sensors is recomended. In addition, if a hollow

shaft turbodrill, with wireline core barrel retrieval is developed, a sensor

package can be included in the barrel, and the data telemetered on the cable.

Because the drill string is not rotating in such a system the cable can be
left latched onto the barrel and connected into the {instrumentation during

coring operations.

Logging While Drilling or Coring - A number of advantages would result

from the development of a special drilling subassembly that contained an
appropriate suite of geophysical measurements (logs) that could be monitored
at the surface. Identification of 1ithologic changes could provide input for
decisions on coring rﬁns of scientifically significant intervals. The ability
to review real time geophysical data and make spot coring decisions could
ultimately result in more efficient coring procedures and operations than

continuous coring or cuttings observations.

5. Discussion and Conclusions

The Los Alamos Fenton Hil1l HDR drilling experience and several other
deep, hot hole dr1111ng projects have been used to provide this perspective on
scientific drilling in the continental crust. The results from the two 2 km
deep HDR wells in Cornwall, England; the three 3 km _‘deep wells in British
COIumbia, Canada; the geothenna1’we11 at Puna in Hawaij; the Italian
geothermal drilling experience, and the deep drilling in the Soviet Union have .
provided additional background information on drilling and coring in crystal-

1ine rock. Future CSDP thermal regimes projects can benefit from the drilling
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experience from geothermal production wells with bottom-hole static tempera-
tures in the range of 300 to 400°C. These wells are now drilled rather
routinely. However, coring and geophysical logging in that enviromment are
not well developed technologies.

The Soviet deep crystalline rock drilling experience, especially
represented by the Kola peninsula borehole (abbreviated as UD-3) dri]]ed
successfully to a 10,780 m (35,367 ft) depth, supports several of the results
and technology needs outlined above.

The Soviets report:

o Development of a high torque, low rotational speed turbodrill suitable

for crystalline rock drilling.

o That the 21.4 cm (8-1/2-in.) diameter roller cone, TCI cutting
structure bit is optimum relative to bit 1ife and penetration rate in
crystalline rock.

o Development of hollow shaft turbodrills.

0 The desirability of continuous‘coring in scientific drilling projects.

o The general stability of long open hole sections in crystalline rock;
and the advantages of open hole for both drilling and geophysical
‘Yogging. '

Experiehce has accumulated in drilling technology, indicating that for
downhole tool and special surface equipment development, several general
principles should be observed:
| (1) Always deve1op at 1east‘££g prototypes of hardware.

(2) Laboratory and field tests and trials are necessary prior to

dep1oyment of equipment to a CSDP drill site.

(3) Avoid hardware and technology development efforts in scientific

boreholes.
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(4) Develop and provide at least one (or more) backup procedure,
approach or hardware solution to a drilling problem. Experience
indicates that thé best fdeas and concepts may not apply downhole
due to unanticipated borehole conditions. It is essential that more
than one new hardware approach; source of a service, and method of
solution be available. Competitive solutions are very important
elements in obtaining satisfactory results downhole, and to devise
effective solutions to drilling problems.

(5) The CSDP thermal regimes environment is expected to be very
challenging, and will require all the best drilling and coring
development efforts that can be marshalled in order to achieve
successful projects.

The worldwide experience of both drilling and coring of boreholes into
hot crystalline rocks has demonstrated both the possibilities and problems of
deep crustal drilling for scientific purposes. The drilling of 7 km of
borehole in hot crystalline rock at Fenton Hill should serve as a guide for
both conceptual and detailed planning of future CSDP projects. The major
fssues to bé considered 1in such' dr1111ng project planning in the areas of |
casing design, bit selection, coring systems,vdownhole-dril]ing assemblies,
drilling procedures, drilling fluid syStans; and on-line problem solving have
been recefved and recorded. '
| A 1ist has been deyeloped of the most significant problem areas and
needed improvements to successfully approach deep drilling in crystalline rock
and extreme temperaturé ehvironnentskexpected‘to be encountered in the deep
CSDP thermal regimes jnvestigations.  These recdnnendations and ‘judgements
were derived from the experience }gained at Fenton Hill and elsewhere, and

include suggested approaches toward solutions.
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Table I.

Summary Descriptions of the Fenton Hill Deep Boreholes

Date Drilled Bottomhole
Drilling Depth Temperature
Designation Completed (m) (°c) Purpose/Results
GT-1* 6/1972 785 100.4 - Small diameter
exploration, 143 m
Precambrian core, drilling
data, volcanic and
sedimentary section.

GT-2 10/1974 2928 197 - Test conductive

gradient, core,

and test equip- Developed

ment. first HOR
reservoir

EE-1%* 10/1975 3065 200 - Energy produc- | system

ing, directional ‘
drilling. )
\
EE-2 5/1980 4660 320 - Injection, Drilled as
core below prototype
3 km. HDR well
pair,

EE-3 8/1981 4400 280 - Production inclined
35 to
vertical,
current
fractional
operations

*  Granite Test Hole No. 1.

- %% Epergy Extraction Hole No. 1.




Table 11. Comparison of diamond core recovery and initial test of hybrid core bit.

{During 24.5 cm (9-5/8 in.) redril

Cored Interval

of GT-2 borehole.)

Date Depth kecovery Bit
(1977) [m (f¢)] (%) Type Core Bit Size Remarks
Maj 9. 2799.3 0 D  24.5-cm o.d. by Junk basket run first, but.no reaming bit run. Experiencea
11.4-cm i.d. difficulty getting past kick-off point at 2482.3 m (8144 ft).
(9-5/8 by Reamed to battom with coring bit; bit badly worn on gauge
. 4-1/2 in.) (outside) surfaces. Probably no core cut.
’
May 29 267%)8-2674.0 52 D 21.6-cm o.d. by Biotite Granodiorite. Previous drilling was 9 m (36 ft) of
k . 11.4-cm i.d. straight hole cut with 24.5-cm (9-5/8-in.) bit; hit tracture zone
* (8-1/2 by at 2672.8 m (876Y ft). Core showed three fracture planes, two
4-1/2 in.) still sealed with calcite and one reopened. _
June 9 2710.9-2712.1 ] D 21.6-cm o.d. by Previous 18.3 m (60 ft) reamed with rerun 24.5-cm (9-5/8-in.)
. 11.4-cm i.d. bit, plus 4.6 m (15 ft) new hole. Supposedly cored 1.2 m (4. ft)
' (8-1/2 by in 4 h. Core bit showed extreme wear on cutting surface, deep
-4-1/2 in.) into matrix metal. Diagnosis: Tloose pieces of rock rolling
around udder bit, no core cut.
June 15 2712.7 (8900) 0 D  24.5-cm o.d. by Reamed hole to bottom with new 24.5-cm (9-5/8-in. bit and junk
» 14.0-cm 1.d. basket. Could only get core bit down to within 12.8 m (42 ft) of
{9-5/8 by bottom. Gauge diamonds of core bit completely worn off.
5-1/2 in.)
June 18 2712.7-2713.3 0 D 21.6-cm o.d. by Core bit was worn in same pattern as June 9; same diagnosis.
(8900-8902) 14.0-cm i.d.
(8-1/2 by
5-1/2 in.)
June 19 2713.3-2714.9 89 H  20.0-cm o.d. by Biotite Granodiorite. Penetration rate 0.6 m/h (2 ft/h). Bit
(8902-8907) 7.5-cm 1.d. was retrieved with three studs broken off and chisel teeth worn

D - Conventional diamond.

{(7-7/8 by 3 in.)

smooth. Core contained several distinct fracture surfaces, with
possible evidence of pumping flow.

H - Hybrid, combined polycrystalline diamond compact (PDC) and chisel-tooth, tungsten carbide insert, roller cone.
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Figare/Table Captions

Fig. 1

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Location map of the Fenton Hill, New Mexico, Hot Dry Rock Geothérma1

~Site, 32 km west of the Los Alamos National Laboratory on the

western flank of the Valles Caldera. Two deep borehole pairs
(6T-2 and EE-1; EE-2 and EE-3) penetrate to 3 km and 4.4 km depth in
the hot, crystalline crust.

Geologic map of Jemez Mountains (from Bailey and Smith, 1978 and M.
C. Smith, 1983) indicating explofation drilling. Small and large
circles locate shallow and deeper heat flow holes. Squares are
crystalline basement rock test holes GT-1 and GT-2.

(a) Temperature profile and (b) generalized geologic section at
Fenton Hi11, with well configurations indicated. Triangular flags
indicate casing depths (set points) and diameters as shown.
Photograph of Fenton Hi1l site (1982) showing work towers over GT-2,
EE-1, and EE-2 boreholes. Such towers cah provide for post-drilling
logging, and sampling operations. A workover rig is set up over the
EE-3 well bore.

Schematic of QDR parallel fracture system reservoir to be created in
open-hole, 35° inclined sections of EE-2 and EE-3 wellbores.
Directional drilled configuration of the EE-2/EE-3 boreholes, (a)

plan view, (b) vertical section projected into east-west plane. The

~accuracy of the trajectory surveys and relative position pfecision

of the wellbores indicates the potential for measurements between

boreholes in future deep crustal drilling projects.
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Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Drilling history, solid curve, of (a) EE-2 and (b) EE-3 boreholes.

Cost of circulating fluid chemical additives, dashed curve, is also
shown (converted to 1979 dollars). A major mechanical problem is
indicated for each borehole. The temperature profile at Fenton Hill
js indicated in (a) and the depths shown are measured along the
wellbore. | |

Four-cone, tungsten carbide insert core bit developed by Deep Sea
Drilling Project for sea bed sedimentary rock coring. Bit has 25.1
cm (9-7/8-in.) diameter and cuts a 7.0 cm. (2-7/8-in.) diameter
core.

Hybrid core bit with both fouf—cone and polycrystalline diamond
compact (PDC) drag cutting structures. Developed for the Los Alamos
HDR Geothermal Project for coring of deep crystalline rocks. (a)
Before use, (b) after first trial run (Table II). Bit hés 20.0 cm
(7-7/8 in.) diameter énd cuts a 7.5 cm (3-in.) core.

Special 22.2 cm (8-3/4-in.) diameter rock bit used for drilling in
deep, hot crustal crystalline rocks. Design features tungsten
carbide insert (TCI’ and gauge pad wear protection; and open,
air-cooled type bearings.

(a) Near bit roller reamer and (b) blade stabilizer after extreme
abrasive wear. The roller reamer and stabilizer configuration are

preferred in abrasive hard rocks.
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9

Fig. 12

Fig. 13

Fig. 14,

Sketches of the Soviet advance open hole drilling strategy for
ultra-deep boreholes in stable formations. (a) Initial borehoTe
with 24,5-cm (9-5/8-in.) diameter uncemented protective casing
string set and drilling below with turbodrill and 21.4 cm
(8-1/2-in.) bit. (b) When wellbore sloughing is encountered remove
protective string, ream at 39.4 cm (15-1/2-in.), and set and
cement-in a 32.5 cm (12-3/4 1in.) casing. (c) Install a 24.5-cm
(9-5/8-in.) protective casing and continue drilling below. This
technique 1is apparently applicable to most crystalline rocks, and
can be a possible general approach to deep crustal drilling. Fenton
Hi11 crystalline rock borehole stability would appear to be
sufficient to apply the Soviet method. /

A recommended drilling strategy for CSDP thermal regimes investiga-
tions of hydrothermal convection system. (a) Slim hole core to top
of hydrothermal reservoir zones of high permeability, (b) drill
second borehole through shallow formations previous]y cored and set
casing 1into the caprock, and core through the permeable- zones,
possibly using a dual string drill string drill rig, to a depth of
about 3 km. (c) The third deep borehole is drilled through the
hydrothermal’reservoir‘andva heavy casing is set; possibly use two
strings. Then coring proéeeds below to the 6-9 km dépths.

Historical drilling cost comparisons for hydrothermal, HDR, and oil
and gas wells (adapted from Carson and Lin,'1981). Costs normalized

to vaTue of 1979 dollars through use of a 17% escalation factor.
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L)

Fig. 15

Fig. 16

Fig. 17.

Table 1
Table 11

Schematic of use of bar code strips to provide reliable, unique, and
automatic identification system for drill pipe sections (joiﬁts).
Code can be used to calculate stress and estimate fatique life, and
infegrate inspection data with the result of reduced drill pipe
failures.

(a) Turbocorer concept (b) conceptual design of a hard rock core
bit. Adapted from deep sea drilling and HDR experience.

Sketch of drill stem tester for deep crustal applications. Used to
obtain formation fluid samples without contamination by circulating

drilling fluid.
Summary descriptions of the Fenton Hill deep boreholes.

Comparison of diamond core recovery and initial test of hybrid core

bit.
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Fig.l2

DRILL PIPE REMOVE PROTECTIVE STRING - INSTALL DHILL PIFE
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Fig.14

DRILLED DEPTH (Thousands of feet)
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