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r. Hugh C. Heard, Lawrence Livermore Laboratory 
Dr. Robert Christiansen, U. S. Geological Survey 
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Introduction 

sterday's active 
agmaJhydrother 

These we classified 
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in the following way: 

canic Systems (lo 

. The Geysers-Clear Lake (vapor-dominated and 
hot water) 

1. co volcanic field 

attle Mount 

ierra Front 
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The Geysers-Clear Lake, California . Kilauea, Hawaii 

D. Yellowstone, Wyoming 

o priorities within this group) 

possible locations mentioned in the classification 

s already begun. 
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ughts or adequate librar 

The Geysers -- The Geysers is one of two major vapor-dominated 
geothermal systems in the world and the only geothermal power 
producer in the United States. Despite the hundreds of drill 

controlled 
The reason 

er than t h e  ' 

troversial. 
ted reservoir 
nd increasing 
n contacted 
ase reservoir 
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Clear Lake -- The Clear Lake volcanic complex also contains a 
geothermal system of the hot-water type. Few holes have been 
drilled in this system and its temperature and location are 
not well known. Geochemical temperature indications are 
ambiguous and the character of the rock under the volcanic 
cover is poorly known. Geophysics (gravity, teleseismic) 
indicate a large body of partly molten rock under the Clear 
Lake/Geysers area centered on Mt. Hanna. A deep drillhole in 
Clear Lake could help characterize the hot water system and 
its relation to the steam system at The Geysers. It might 
encounter the magma body indicated by geophysics. 

Characterization of the System 

The Geysers geothermal system is developed in the Franciscan 
formation, a complex sedimentary assemblage associated with a 
Jurassic subduction zone. In this formation, ophiolites, 
cherts, pillow basalts, glancophane schists, graywacke, and 
melanges are mixed largely with tectonic contacts. The 

ucture at The Geysers consists of high angle NW-SE thrust 
strike-slip faults which cause frequent repetition of 
sedimentary sequence. The reservoir appears to be bounded 

n the NE by the Collyami strike-slip fault and less certainly 
n the SW by the Mercuryville-Sulfur creek fault. The 
servoir is developed in graywacke of similar petrologic 
aracter which may not be the same stratigraphic unit in all 
rts of the field. Graywacke appears to occupy a much greater 
art of the area at reservoir depth than it does at the surface, 
ossibly because it occupies the heel of the thrust faults. 

oung volcanic rocks (100-500 K years with some as young as 
0 K years) of the Clear Lake field are immediately to the N 

and NE of The Geysers, and a large gravity anomaly associated 
ikh the Clear Lake fi t in the area of The 

ivity is part of the 

. 5  km, cased and 

hen 100 to 200 tons/hr of steam production is achieved. Some 
ells have initial wet steam and water production but rapidly 
ry out to produce lightly superheated steam. Shut-in 
ellhead pressures re near 32-35 bars and downhole static 
mperatures are n r 2 4 0- 250 OC. 
postatic. Some wells ed water tables but these are 

Pressure gradients are 

st certainly not th ter table because temperatures 
ontinuous 

Pressure drawdown avior and gas contents within the field 
suggest that three or four drainage basins exist with limited 
flow between basins. Isotopic data is available on only one 
of these basis but suggests steam flow from the center as 
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discussed earlier. Recharge to the system is from local 
meteoric water but natural outflow was limited compared with 
the size of the system suggesting very l o n g  residence times. 
This is supported'by the lack of tritium in the steam. 

Seismic studies have shown numerous microearthquakes associated 
with production but unproduced zones are nearly aseismic. 
Detailed gravity studies show that production of fluid is from 
the depth of the bottoms of the drillholes, not from a deeper 
(water-filled?) zone. Steam production from local evaporation 
of water is also supported by isotopic studies. Teleseisems 
with distinct P wave delays suggest a partially plastic zone 
at depth centered on the Clear Lake gravity anomaly and 
including the area of The Geysers. Some geophysical data 
suggests magma at 3-5 km in the center of Clear Lake. 
magma would be deeper (7 km?) at The Geysers. 

Rocks and Conditions Expected 

This 

t is suggested that three holes be drilled in The Geysers- 
lear Lake area. The primary hole should be in the center of 
he major steam drainage basin at The Geysers with the purpose 

icating the conditions in the deep boiling water zone and 
pth of circulation of water to a zone of conduction. 
ole may encounter magma at depth. 

e second hole shoul e drilled at the center of the Clear 
Lake gravity anomaly to drill through the hot water system 
and possibly into magma. A third hole could be drilled near 
the edge of The Geysers production field to indicate the 
presence or absence of boiling in the deep water zone on the 
periphery of the field. 

e holes drilled in The Geysers will encounter Franciscan 

ntrudes the Franciscan and will be encountered by a suffi- 
iently deep -hole. Drilli the Franciscan is well known. 
roblems are encountered i erpentine because of its plasti- 
ity but this rock type ma e limited to the near-surface. 
lcanic rocks under the F ciscan will be hot. Problems 
ay be encountered drilling from the uhderpressured steam 
one into the more normal1 essured zone beneath. 

hrough the geothermal reservoir. Below the reservoir 
ous intrusion related to the Clear Lake volcanics 

rilled in the Clear e volcanics should be typical 
ling in fine graine actured volcanic rocks. No 
problems are antic ed above the high temperature 
t magma has been suggested as shallow as 5 km. 

tures at The Geysers will be 25OOC at 3-4 km and may 
increase to 4OOOC at 5 km and above that at qreater depths. 
Temperatures at Clear Lake are not known but-may be 10b°C 
lower in the geothermal system, but may be higher at greater 
depths, with magma as shallow as 3 km. 

, U 
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Special Problems 

Few special problems in siting deep holes are anticipated. 
This is a recreation area. Ecological conciousness is very 
high in this area and care in dealing with local sensitivities 
will be necessary. 
problems can be overcome. The producing companies at The 

Geothermal drilling is accepted so these 

te in any efforts directed at 

KILAUEA VOLCANO, HAWAII (Gordon P. Eaton) 

In terms of its frequency of eruption, Kilauea Volcano is one 
volcanoes in the world. Throughout its 
rom 1840 on) it has had an average eruption 
ears. Radiocarbon dating of pyrolysed 
erwhelmed by basaltic lavas during that part 

f its accessible, pre-recorded history, indicate a long-lived, 
igh rate of lava production. For this reason Kilauea is a 

to encounter magma at shallow 
eruption some portion of the 

s ,  by definition, at or above the 

the volcano is uniformly high, there 
annual surface water runoff, despite a mean 

cm. Dozens of 
existence of 

igorous hydrothermal circulation. 

basaltic shields 
fic Basin in a 

iometric dating has revealed a 
the locus of volcanic activity 

million years. Although 
both Kilauea and Mauna Loa 
west) the Hawaiian chain is 

seismic ridge , 

aa basalt flows, 
ck. Pyroclastic layers, 

up to a few meters thick, , 
of the total volume of the 
ts in part for the volcano's 
ity. The flow rocks are both 

nsisting of large primary 

porosity of the volcano can 

ensity exceeding 2.90). 

ant, inter-connected open 

ear-surface, in situ bulk density 
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Rain falling on Kilauea percolates downward through its 
edifice to a lens of fresh water floating on the depressed 
surface of the sea which extends entirely through the volcano. 

sotopic composition of gases from some fumaroles at the 
t indicate that sea water is a regular participant in 
thermal circulation, further attesting to high permeability. 

Two drill holes of shallow to intermediate depth have already 
been drilled on Kilauea. The first, 1,300 m deep, was 
drilled at the summit, immediately above the well-defined magma 
holding reservoir of the volcano. Its bottom, just below sea 
level, did not penetrate the top of the magma reservoir and 

t expected to, based on projected depths of 2 to 3 km 
lated from several different kinds of geophysical data. 
are available for this hole, including the temperature-depth 

unction, which revealed a localized temperature maximum 
ear 90°C. 

1) 

This maximum is permissive of two interpretations: 

The hole passed through one limb of a hydrothermal 
convection cell; or 

It passed close to the edge of a horizontal sill of 
high temperature material, possibly magma, well 
above the principal magma chamber. 

2 )  

The second hole, in the east rift zone of the volcano (in 
the lower Puna District), has a total depth exceeding 1,900 m. 
It was sited regionally on the basis of both geophysical and 
geological data, the final target being identified by a high 
amplitude, electrical self-po 1 anomaly. It, too, did 
not penetrate magma, which in case is believed to occur 
in the rift as steep, dike-li ies with tops of unknown, but 
probably shallow, depth. They feed frequent rift eruptions 
there. Hydrothermal circulation is known to occur in the 

Equilibrium bottomhole 

ermeable rift  zone, the well ng flowed at sonic velocities 
000 hours. Geophysical well 

res exceed 340 oiling temperatures were 
depths as shal as 1,000 m. 
4-megawatt generator was in a 

ition for the prod 

gh insights releva to the broader goals of the 
ntinental Drilling Pro 
deeper (5-7 km) drill both to, and into, the 1200OC 

asaltic magma, each offers somewhat different at 
nformation of a nature critical to a more comple 
ng of the structure, constitution, and eruption mechanics of 
hield volcanoes would come primarily from a hole at the summit. 

tion of electricity 

could be acquired at either site 

A hole in the East Rift might be more attractive from an 
engineering and testing point of view, possibly encountering 
magma with greater certainty at shallower depths in a setting 
with proven hydrothermal circulation. 
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scientific holes sited at the summit of the volcano would 
necessarily have to be drilled in Hawaii Volcanoes National 
Park. Drilling of the previous hole there encountered trouble- 
some objective and resistance from some parts of the local 
populace. Holes in the Puna District, on the other hand, could 
be drilled on private land. The County of Hawaii is philo- 
sophically committed both to geothermal energy research - and 
development and the political climate is therefore favorable. 
The logistical problem of (trans-ocean) shipment of both drill- 
ing equipment and staff would obviously be greater for 
Kilauea than for a volcano on the mainland, but many of the 
other problems are simpler in Hawaii. 

Special Note -- Kilauea Iki -- A scientific and technological 
w drilling into ponded and thickly-crusted 

ilauea Iki Lava Lake is presently underway. The 
the fundamental importances 
its continued support. 

LEY, CALIF0 James Moore, after Bailey, 1976, 
JGR, Volume 81, p. 725) 

agma chamber, perhaps 6-9 km deep, is overlain 
thermal system. A series of two or more 
in and adjacent to the caldera will provide 

information on the depth to the magma chamber, the characteri- 
ydrothermal system, and the nature of 
volcanic system in a region of active 

margin of the basin and range, 

east of the Sierra Nevada is 
enters which occur along the 
in adjacent to the Sierra 

Other such centers include Mono basin to the north, 
fields to the south. All 

marginal segment of the Basin 
ity, high heat flow, and 

pid east-west crustal 

n about three MY ago 
desite, became 

dous eruption of 
ago. The removal of 
hallow, zoned magma 
km, producing the 

ocalized about two MY ago with eruption of the Glass Mountain 

by 32 km in s i z e .  
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Volcanism following the major eruption and collapse includes 
hyolite 0.68-0.64 MY ago during resurgent doming of 

e caldera floor, porphyritic rhyolite from centers peripheral 
the resurgent dome 0.5, 0.3, and 0.1 MY ago, and porphy- 
ic hornblende-biotite rhyodacite from outer ring fractures 

0.2 to 0.05 MY ago. This sequence apparently records progres- 
sive.crystallization of the underlying magma chamber. 

Holocene rhyolitic and phreatic eruptions suggest that residual 
magma was present as recently as 450 years ago. Hydrothermal 
activity began 0.3 MY ago and has since declined due to self- 
sealing of near-surface caldera sediments. Several drill holes 
ithin the caldera contain variable temperature distributions 
ndicating the presence of a complex hydrothermal system 
verlying the heat source. One 3 km hole contains a maximum 
emperature of about 6OoC two-thirds of the way down; another 
150 m hole attains a temperature 

Valley is an important re onal area, and considerable 
stance to a drillin ed from groups 

ental impact in 

LOWSTONE, WYOMING ( R .  Christiansen) 

The Quaternary volcanic system centered in Yellowstone 
National Park provides a unique opportunity for deep drilling 

tic and hydrothermal system. 

, preferably supported by some intermediate- 
1 as by the extensive geologic, geochemical, 
udies already done and still underway, 

racterize an extremely important type of magmatic 
edominantly silicic systems expressed at 

stemgconstitute the world's largest vol- 
regions support hydrothermal convection 

ace by voluminous pyroclastic eruptions and large 

energy contents. Yellowstone itself 
d best-known SUC systems in the world. 

, older systems of this type are associated with 
metallic ore deposits. Besides helping to 

geochemical parameters, and shallow magmatic processes of the 
volcanic system as a whole deep drilling at Yellowstone would 
help to characterize the d parts of a very large, active, 
high-temperature hydrothermal convection system below levels 
yet explored by commercial geothermal drilling. 
thermal transfer to this system from the magmatic heat source 
also would be an important objective of study by this drilling. 
Magma is inferred with some confidence to exist in this system, 
but present information as to its depth is ambigous. Petrologic 
data suggest magma temperatures of 900-1000°C. 

ree-dimensional structure, physical and 

The nature of 
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Geologic, geochemical, and geophysical data indicate that the 
Yellowstone Plateau volcanic field overlies a group of plutonic 
bodies of batholithic size emplaced over a period of two 
million years. The older parts of the plutonic system are 
solidified but probably still hot. The youngest of these 
larger magma bodies has been emplaced during about the last 
1.2 million years. 
chamber formed a pair of adjoining ring-fracture zones, through 
hich a climactic pyroclastic eruption of more than 1,000 km3 
ccurred 600,000 years ago. The magma chamber roof collapsed 
long the two ring fracture zones to form a 4 0  x 70 km caldera. 
ost-caldera rhyolitic volcanism has continued intermittently 
since 600,000 years ago, an episode of intracaldera doming and 
three major sequences of rhyolitic lava eruptions have occurred 
during the past 150,000 years, the latest being about 70,000 
years ago. The distributions and ages of vents for these 
eruptions of the past 150,000 years clearly indicate episodic 
resupply of magma to shallow parts of the systemform deeper 
levels. Heat must be continually supplied to the rhyolitic 
magma chamber form deeper basaltic magma, represented at the 

ace by basaltic lavas around the caldera margins, spanning 
entire history of the rhyolitic field. 

Two higher-level parts of this magma 

massive system of hydrothermal convection exists above the 
ow partly solidified Yellowstone magma chamber. Recharge 
o the system is principally from the north: discharge occurs 
at a large number of areas, both as hot-water and vapor-dominated 
systems. Below the levels where temperature is controlled by 
the P-T boiling-point curve, the system is believed to be of 
rather uniform composition at a temperature of 360OC. The 
areas of the discharge systems are controlled mainly by the 

ould have to be done in an important and environ- 
ly sensitive National Park. The environmental disturbance 

14 



r 

National Park Service or to the public. In addition, any 
proposal for deep drilling at Yellowstone must convey clearly 
its objectives of scientific research alone. Any suggestion 

Subsurface data on an active stratovolcano will provide 
better understanding of this important class of volcanic centers 
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BATTLE MOUNTAIN H I G H  (BMH) ( A .  Lachenbruch) 

e BMH is a region of several x lo4 km2 in N Nevada which at 

to 2 ? HFU for the rest of the 

origin and significance of the BMH 
is a target for commercial 

in terms of magmatic/hydrothermal systems is unknown. 

The basic question to be answered is: "Why is the regional 
heat flow high?" Corallaries are: "What is the thermal regime 
of the underlying crust and mantle, and what is the geothermal 
energy potential of the region?'' 

) Does the high conductive heat flow persist at depth? 

) Is the BMH a thermal anomaly of hydrologic origin? 

g systems in the basin? 

5) What is the vertical distribution of radioactive 
heat production? 

nd hydrothermal regime. Much of the BMH 
nd Tertiary granitic rocks: they are 

n will, therefore, 
lline rock f o r  

ents are expected to be 
nd perhaps 50°C/km in the 
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jor problem may be the rise of hot water in the borehole 

silicic magma bodies. The basaltic magma chamber is probably 

relatively shallow 
edicine Lake region 

Medicine Lake 
tions will be final si te  
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ever possible 

well completio 
can be collect 

4 

E. M. Shoemaker, Editor, 
ive statement of the data 



preservation 

time, depth, and 

porosity rocks 

to fluid f l o  er by direct fluid 
urements. 

e heat sources by 

alled to make 

r magnetism log,  
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N 
N 

Parameters that may be 
Derived Type of Log* or Sampler 

Non-focused resistivity Resistivity of materials Lithology, invasion 
(and self-potential) 

Induct ion Conductivity of materials Lithology, porosity 

Focused resistivity Resistivity of thin seg- Lithology, porosity 

Caliper Average hole diameter Lithology, fracture 

Deviation Location of hole 

Natural ga Lithology 
Gamma-gamma Gamma rays scattered Bulk density, porosity 

Neutron Hydrogen density Water-saturated porosity 

Pulsed neutron Neutron capture cross- Fluid identification, 

Nuclear magnetism Number and state of Effective porosity 

Acoustic velocity Transit time of elastic Lithology, porosity 

Temperature Temperature Water flow, heat flow 
Fluid sampler Pad sealed against rock, Sample of in situ 

Sidewall corer Cuts pie-shaped slice Laboratory analyses of 

surrounding probe water quality 

ment of formation water quality 

location, correction . 
of other logs 

from a source 

. around instrument 

section porosity 

hydrogen nuclei permeability (?) 

waves 

charge opens forma- water and formation 
tion to sampler chamber pressure 

in wall core 

* 
All of these probes will Operate to at least 20,000 psi. 

f 

Minimum Hole Maximum 
Diameter Temperature 
(inches) t°C) 

5 232 

4-3/4 204 

6 204 

4 177 

4-1/2 204 

3-3/4 260 

5-1/4 204 

2 150 

7 150 

4-1/2 204 

1-5/8 204 
4-1/2 2 32 

6-1/8 150 
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Experiments that use Drill Holes as Facilities 

Deep drill holes in crystalline rocks provide unique oppor- 
tunities for many experiments. Some experiments may be 
designed to investigate the properties, composition, and 
structures of the rocks penetrated by the drill hole and their 



-- In this experiment, short sections of 
1 hole are isolated from the rest of the 

onal waves (V 

ressure at 

d 
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cal phenomena as str 

Environment recog- 





ive hydrothermal body 

scientific experiments. 

one hole  program, the major 

programs to mature. 

d that new 

fluids are 
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can potentially 

inally, tubulars begin to lose strength in the range of 700OC. 

or a considerable h. The profile a suggests that a 

he feasibility 





Well Technology Limitations 

For temperatures between 200 and 35OoC, new problems arise. 
Elastomers fail, corrosion rapidly increases, fluid additives 

hole and to 

g surface temperatures 
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I 

work in lubricants has raised 
the acceptable bearing surface temperatures substantially, 
but contamination still is an important factor in the life 

The solution for increasing 

ough cooling so that the drilling 
rate at bottomhole temperatures 
g limits. Mud cooling systems 
d temperature down the pipe and 
temperature" of the tools. 
ed to soak, however, temperature 

rculation must be maintained to prevent 
uipment in high temperature wells. 

been mainly to use open (unsealed) 
flowing fluids (liquids or gases) 

s for operating temperatures of 
using high temperature steels 
ve that temperature entirely new 
y be required because of bit 

structure and bearing life-failures. It is likely that 

downhole motors, at normal tempera- 
ealed for increased life. Higher 

eratures w 
temperature metals. 
nd effectiveness 

These motors 
straighthole 

development of 
earlier, could 

1 

at temperatures in 
tic and costly 
es of most steels . 
as drilling near the 
metals exist, but 
ions and abrasive 
her temperature 
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ears to b 

Whether the drilling fluid is liquid or gas has a large effect 
on high temperature drilling capability. Corrosion, well 
ontrol and lost circulation are constant problems with present 

be cased, since sub-pressured 
in loss of fluid returns. 

h systems at 
be investigated 
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inhibitors) -- > 1000°C (pressure 
dependent )  

s -- 250 to 3 O O O C  

6) Oil based muds -- 300 to 37OOC 
These estimates need further verification; nevertheless, the 
most difficult problems appear to be drilling abnormally 
pressured zones through subnormally pressured zones and 

hen drilling through abnormally pressured, 
where muds cannot be used. This may 

ent of special downhole equipment for well 

The limitations of strength reduction at increasing 
casing design. Loss of strength, 
and thermal stress failures are major 
1s with good high temperature strength 

and the casing program 
odate thermally induced 

will be requi 

Cement is used in oil and gas wells to secure the casing 
to the wellbore. Problems are encountered when the use of 

xcess of 200°C, 
lude premature set- 
funding to extend 
50°C.  It does no 
urther extend thi 
iques for setting 
ck melt may be 

g to the wall.. 
s also been 

cult problem which 
t evolution. 

the wellbore from 
uring, sampling, 
are not useful 
such as glass 
may be used for 
an be minimized, 
requirements 
of packers. 



ampling requirements are not defined but it can be 
ected that the following information would be required: 

ehole temperature 
ehole pressure 
e fluid samples 

ion paramet 

nt or methods to perform these measurements and tests 
350QC many of these measure- 
resent technology. 

ssible to about 350OC. 

situ sampling for pore fluids and rock stress are questionable 
fficult at higher 
ably be accomplished 

dustrial efforts 
tures between 

these temperatures. 



ne of the critical weaknesses in this area is the USC of 
lastomers. To date, elastomers have been essential for  

sealing. Packers that must soak at bottomhole tempera- 

xtension of current rotary techniques to temperatures 

Therefore it will 
or drilling and com- 
revolutionary than 

xtend existing 
rwise altering the 
he use of this prac- 

ertainties 

stems, have lost 



~~ 

rculation probl 

i s  needed. 

bove 35OoC, limiting temperatures are reached for all 
tandard materials, elastomers, lubricants, muds and 

t been est 

s concurr 
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ccd (or avoided) . T h e s e  st u t 1  i v s ,  
sco1)i ny s l u d y  , w i 11 1 l o w  , I  l ) i i t l c i t * -  

u~q)or-t . 1.' i r:: t 
res are likely L o  LK. 

thin the FY-79 scoping phase are the following subdivisions 

ure limitations (12 m) 

aracteristics of 

pecifications for 

f ten. economi 
Is selected 

s. - A  complete 
he operational ' 

ng systems through 
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nditions must ' 

the wellbore. 

is required. 

ely follow the 

acture mechanics and wellbore stability at temperatures 
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.g. I s u b t e r r e n e ,  

ystem design. 

re  as food- 

s p a r i n g l y .  This 

I 
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to identify research and 
complished in order to pro- 
n a program of continental 
We identified the tasks 

ecific assessment and feasi- 
ial effort to fulfill the 

rothermal program. 

the group to 
n or research 
recommended’ an 







This task was divided into two areas, depending on where the 
thermal measurements were taken -- in the zone above the magma 
chamber or within the magma chamber itself. 

conductive heat flow within 
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entation using output from mechanical 
tronics and communication subtasks. 

echanism within 

lab or in 

libration of logging 
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nd ica t e  zones 
onal coring may 
r i l l  the m a g m a  

ty of conventional 
red to obtain samples 
andidate solutions 

es large rock 

ired forma- 

ding of the in situ 







r 

Conventional 
cable 

L Improved cable 

(T - > 35OOC) 

Electronics package 
T f 35OOC 
Amplification, signal 

Dewar? 
conditioning 

- -  - - - - -  

High T Cable 
(MgO insulated, 
metal-sheathed) 

u Simple sensors 
(thermocouples, etc) 
high T (350-10OO0C) 

Permeable rock 
Fluid circulation region 
to 350-400°C 
3000-10,000 m 

Lower permeability? 
Higher temp gradient 
400-1000°C 
500-2000 m 

, 

* 

Figure 2. Multi-stage data transmission concept 
u 
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f 

b, 

Instruments and 
in a flask 

Gamma source 

detectors 

Stop for bow spring / 
to avoid excess expansion 
and hanging up while 
going into hole 

Wireline 1. 
Natural formation 
gamma detector 

Gamma detector 

Bow springs for 
caliper measurements I 

Slide for bow spring L movement 
f 

+Insulate section on outside of tool 
&Electrode for SP and single point res. 

End sensitivity 
gamma detector 

Fluid density detector 
to measure SP. Gr. of borehole 

Openings fluid to for pass -B fluids 

Columinated source 

Will work in empty or fluid filled holes. 

R. D. Clarke, DOE/NVOO 

Figure 3 

b d  

52 





g developments. 



thick film technology. 

t thermionics and magnetic devices 



- 

boratory oven 
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