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A borehole has been drilled to a depth of ~123 feet beneath the 
summi t of Kila.uea Volcano on the. island of Hawaii. The purposes were 
twofold: to obtain engineering information related to the possible 
occurrence of geothermal energy in a basaltic volcano, and to obtain 
scientific information about the internal nature and workings of 
Kilauea Volcano. Because the location. of the borehole is within 
Hawaii Volcanoe s National Park, the drilling could not have as its 
objective the production of steam. Accordingly, the drilling program 
was carried out in a manner intended to minimize the chance of steam 
eruption, and to maximi z e the chances of gathering scientific inf~r
mation. The scientific program included a comprehensive suite of 
geophysi c al logs for the purpose of determining the physical properties 
of the rocks penetrated, all of which are basalt. The basalts occurred 
variously as thin to thick flow units, . and massive units which may be 
sills or f r ozen lava ponds. Porosities are generally high, ranging 
from a few percent to near fifty percent. The solid material in the 
basalt has a nearly unifo r m grain density over the entire depth of the 
borehole, the grain density being 3.02 grams per cc. Acoustic \~avespeed 
logs indicate the wavespe ed for rocks with zero porosity would be 
approximately lS,SOO feet per second. Young's modulus, as determined 
from a full - wave - fo r m acoustic log and a gamma - gamma density log, is 
generally in the range from 2 to 6 xl013 kilograms per square meter. 

Introduction 

In recent years, the possibility of using geothermal energy as a 
supplement to mor e conventional energy sources has received widespread 
attention. Estimates of the importance of geothermal energy vary wide
ly. Some have suggested that geothermal energy might account for a 
major fraction of the electrical energy generated at the end of this 
century, but a much more common view is that geothermal energy is a 
curiosity, and in the foreseeable future, will fill only a negligible 
fraction of our energy needs, as it does at the present time. A major 
difficulty being faced in the current efforts to locate additional 
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sources of geothermal energy is our lack of understanding of, th~ir 
geologic controls. Geothermal reser~oirs iI:-e thought to ~e .lnt~-, 
mately associ~ted with modern volcan.lsm or,lntense, tecton.lc actlvlty. 
This has led to the supposition that heat 1S supplled to a geothermal 
system from an underlying magma chamber. Th~ nature of a magma chamber 
is very poorly understood,inasmuch as no drlll hole ha~ penetrated , 
into one and indirect methods of study such as geophyslCS have tended 
to indic~te that reservoirs filled with molten rock ~re rare, if they 

occur at all. 

Transfer of heat from a magma chamber may take place by conduc
tion or by evolution of vo]~tile materials. When molten rock is in
truded water from the host rock around the intrusive is converted to 
steam.'and in so doing, deposits its mineral conterit to make an im
permeable canr ock around the intrusive. Inside the caprock, all the 
water may be converted to steam above the critical point for water, 
and held in place by the caprock. If such "dry st'eam", fields exist, 
they would provide an attractive target for development, because of 
their high'temperature. and the efficientcy of conversion to electrical 
energy wo~ld be high. However, no drilling ~as yet pene~rated into 
such a supercritical temperature regime. 

Above such an impermeable caprock, heat transfer to the surface 
will be by conduction, if rocks are impermeable, or by convection, if 
the rocks are permeable. When convection takes place, temperature 
remains high as water rises through the rock, and water containing 
consid~rable amounts of energy can be ext r acted at r elatively shallow 
depths. Many of the geothermal syst2ms pre s ently under development 
~round the world are believed to be in this convective region. 

Inasmuch as a great deal of the model described in the preceeding 
paragraphs is s peculative, it is important that the modclbe tested by 
d r illing in areas of modern volcanism. Kilauea Volcano, on the island 
of Hawaii, is the world's most intensively s tudied and best u_nderstood 
volcano (MacDonald and Abbott, 1970; Stearns, 1966; Stearns and Mac
Donald, 1947). It is one of the world's most active volcanoes. ~ut the 
eruptions are usually non - explosive and scientific studies can be 
carri e d out safely at close range during all stages of activity (see, 
for example, a report on the 1967- 1968 eruption of Kilauea by Fiske 
and Kinoshita, 1969). A phenome non for \~ hich I(i lauea Volcano rna." 
provide a very informative experimental prototype is that of gro~nd 
wa ter movement in the vicnity of a magma chomber. Extensive geologi
cal and geophysic~l studies carried out by the U. S. Geological Survey 
over many years have pinpointed an area b e neath the summit of Kilauea 
whe r e the evidence for the existence of a shallow magma chamber is 
highly per s uasive, and this area was selected as a site for the Kila
u~a ge?ther~al , research drill hole (Keller and others, 1974). The 
slte lles w~thln the Hawaii Volcanoes National Park, and so, the 
ene rgy can never be expIated. The National Park Service permitted 
this dril~ing.pr~je~t because ~he hole was for rese arch purposes onl • 
The locat~on ~s .lnd~cated on Flgure 1. . Y 
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Figure 1. 
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Inde x ma~ s howing the location of drill hole in relation 
to major features of Kilauea Volcano. 
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A contract for ~rilling the Kilauea geothe rmal research borehole 
was awarded to Water Resources International, a drilling company 
located at Honolulu, J-L1waii, with experience in drilling water wells 
in the state of Hawaii. After giving con s ideration to drilling with 
air or stabilized fo~m, the decision was made to drill using water-base 
drilling mud because of the company's extensive experience with this 
drilling procedure under Hawaiian conditions. . 

The entire operation' was carried out "blind"; that is, it proved 
to be impossible to pump drilling mud rapidly enough to maintain a 
return circulation of mud to the surface. Mud was lost in openings 
and factures which were too large to be shut off with lost ci r culation 
mater ial. During drilling, water consumption ranged from 10,000 to 
30,000 gallons per d a y, all of which had to be transported 30 miles 
from the neares t water supply well. 

Short cores were cut on 29 occasions, with the total amount of 
core recovered being 154 feet, or about 3.7 percent of the total hole 
depth. To s uppleme nt th~se cores, piston - type sidewall coring was 
attempted in th~ uppe r 1000 feet of the hole. The attempts were mostly 
~nsu~cessful',w~th only 13 out of 60 trials providing recovery of any 
~n -s ~tu materlal. 

P~netr~tion in, the,non - core d intervals was obtained using . standard 
rock bIts wlth c a rblde Insets on the cutting edges (button bits) 'fh b ' , • ese 
~t~ pro~lded ~ much more rapid penetration rate than did the diamond 

cor~ng b~ts',w~th rates ranging from as low as 3 feet per hour in the 
dense volcanlcs, to as high as 180 feet per hour l'n the "I 

1 ' oose, oorous vo can~cs. ' 

~~hole Surv"~s 

Muc,h of the info rmation provided by the b h ore ole is in the form 
of physlcal measurements made in the hole A wide ' t f 1 " - • varle y 0 ogs 
were run, lncludlng temperature, gamma - gamma backscatter;ng t 
' - d' t ' 'd ' ... ,ne u ron lrra la lon, ln UCtlon e l ec tric self potential t 1 . , , , ' , na ura gamma ray 
a~tlvl~y, aC?Ustlc wavespeed, and magnetic permeability a nd t ' 1 
f~eld ~ntensl. ty. . ver ~ca 

Primary data for evaluating the presence of a geoth . 1 
are th t eI~a system e emperature measurements made during drill' d f ' 
compl t' f d 'II' 1ng an ollow~ng 

e 10n 0 ,rl Ing. Borehole temperature measur e ments were mad 
at every,o~caslon on which circulation was interrupted for a few e 
hours, glvlng bnttom hole temperatures a chance to t bOlo . 
temperatures were recorded using maximum - readin th

S 
a 1 ~2e. T~ese 

six thermometers being used each time C ' ' d g ermomete~s, Wl.th 
, , • Ol.nCl ence of readl.ngs on 

a majOrIty of the thermometers was accepted as evidence that -
the rmometers had not shaken down durin th' the 
face. g elr return trip to the sur-

,Iri addition to t e mperature measurements made with the 
readl.ng thermometers, continuous temperature 1 maximum_ 
d ' d f 1 ' . , ogs were run at ;nt 1 ur~ng an 0 low~ng drl.lling us in ' 1 ' . ... erva s 
down - hole thermistor probe Maxl.' g a w~l re- Ine logging system and a 

, • - mum va ues recorded 'th th h 
m~stor probe and the ma ximum-read' th ,Wl. e t er-

lng ermometers slmultaneously 
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generally agrred within 2 0 C. Several of the temperature logs are 
shown in Figure ~. 

As is ofte n the case with temperat u re profiles in g~othermal 
systems, the temrerature profile obtained in the Kilauea ' g e othenoal 
research bore hole is complex. The prominent featurei of the temp
erature profi le are: 

1. An esse n tia lly i s o t hermal interval between the surface and 
1600 feet dept h. Other logs indicate water table is present at 1600 
feet, and s o this i s otherma l zone probably repres~nts the effect of 
cool s u rface wa t er s draining downward to the water table. 

2 . A rapi d rise in temperature b etween depths of 1600 feet and 
2400 feet. 

3. A decreas in temperature betwe en 2400 feet and 3200 feet, 
The rapid rise and the n decrease in temperature might be expained ilS 

bein~ cause d by the res idual heat of a dike intruded in the vicinity 
of the bor ehole, but more like ly. the i~version of temperature is 
associa ted with horizontal ci r culation of fluids at the edge of a 
convection syst~m. 

4. An increasingly steep rise in tempe ratures between3200 feet 
and 4100 feet. Extrapolation of the curves shown in Figure 2 indi
cate thBtthe bottom - hole equilibrium temperature is about 1370 C., and 
that the thermal g ra dient is about 400 0 C. per kilometer. 'Other logs 
indicate progressively lower fluid permeabilities in the basalts near 
the bottom the the hole, and so, the steeper gradients are probably 
related to a transition from conductive heat flow at the greater depths 
to conve ctive heat transfer at the shallower depths. 

Some of t he other ge ophysical logs - - the caliper log, the gamroa 
gamma density log, the sidewall neut r on porosity log, and the induction 
electric log -- are shown in Figures :3 through 6. The logs are shown 
in f ou r sec ti ons b ecause so much detail is involved, but the four 
sections also are characteri ze d by different sets of physical properties. 

The f irst interval, from the derrick floor to 1060 feet depth, 
covers an interval consisting of thin flows. The density varies over 
short inte r vals from values of 1.75 to 2.50 grams/cc . The neutron log 
shows associated variations in water content, from 10 percent to 45 
percent. Compa r ison of density values with neutron porosity values 
indica tes these rocks to be undersatura t ed, as would be the case 
above the water table. The electrical resistivity in this interval 
is greater than can be measured, probably being several thousands of 
ohm - meters. The high res istivity indicates that what water is present 
must have a low salinity. Mud filtrate probably causes the apparent 
water con tent t o be higher than the amount of water actually present 
in these rocks. 
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Figure 2. Dept h-temp~~ature profiles for diffe rent times in the 
Kilaue a d r ill hole. The dashed cu r ve links bottom- hole temperature~ 
me asured between drilling shifts (generally about 8 hou r s after 
drilling unless otherwise indicated); dots indicate readings by 
maximum- reading thermometers and ci r cles indicate readings by ther
mister probe. Solid curves are selected post - drilling temperature 
profiles run with the thermistor probe. 
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ZONE "A". SURFACE TO 1060 FEET 

CALIPER DENSITY POROSITY RESISTIVITY 

7" Ii' 

( ~~ 
l h=R=~rr 

!-f±±:jo:l~ 
~ 
I 

I 
I 

H-' -r;~ 

45 30 15 q% o 1000 

Figure 3. Geophysical log s for the interval from 0 to 
The logs are , from left to right , caliper, ?amma - ga mma 
wall neut r on poro sity, and induction e l e ctr1c. 
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ZONE "e". 1610 TO 30fo FEET 

POROSITY RESISTIVITY 

o 100 
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Figure 5. Geophysical logs for the interval from 1610 to 3010 feet 
depth. 
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ZONE "D", 3010 TO 4100 FEET 
I 

CALIPER DENSITY 

7" 12' rl' 2 .0 25 

POROSITY 

3.0 
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Figure 6. Geophysical logs for t he interva l f 
depth. r om 3010 to 4100 feet 
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The second interval, from 1060 to 1610 feet depth, consists of 
more massive basalt units, possibly ponded lava or sills. The de n 
sities range from 2.1 t o 3.0 grams per cc, while the water content 
ra nges from G t o 12 percent, f o r the most part. Resi~tivities are 
high, though not as high as in the upper zone. Resist ivity ra nges 
from less than 200 ohm-meters t o more than 800 ohm- meters. The water 
table is present at a depth of 1610 feet . This l e vel is marked by. 
a sharp decrease in resistivity a nd is , as well, the depth to which 
the static water level in the well returns. 

The third inter~al , from 1610 to 3010 ieet depth, again consists 
of flows with a lternatil;g propBrt i es , but the individual flow units 
are thicker t han in the case of t he upp~r ZQ~e. De nsities are in the 
range from 2. 4 to 2.9 grams/cc, and water contents ra nge fr om 9 to 
30 percent. Resistivities are far lower t h~n in the upper uni ts , with 
values ranging from · l ess t han 10 . ohm-mete rs to .rare valu e s as high as 
100 ohm-meters. Throug h most of this in terval, t he resistivity mea
sured with the short - normal devicp. is considerably larger than the 

, resistivi t y measu red wit h the inducti on device. .This "depa rt ure" 
, i s cha racter istic of invasion of permeable wallrock around the borehole 
: by mud f i ltrate. It is important to note that the amount of departure, 
~~9wn as t he shaded are a between t he two res istivity logs, g radually 

diminishes with depth. 

The fourt h interval , from 3010 to 4100 feet dept h, also consists 
of alternating flow s with relatively thick individual units, ve r y sim
ila r in cha racter t o those in the interval from 1610 t o 3010 feet 
depth. De nsiti e s fall mos tly in the ra nge from 2.5 to 2.9, and water 
con tents vary from 9 t o 29 percent. Resistivity varies from value s 
l ess than 10 o hm-meters to a bou t 40 ohm-meter s. There a re very few 
intervals with s igni fica n t depar ture betwee n the tw o resistivity curves, 
i~dicating t ha t the permeability is low in t his interval. 

Log-derived rock pr operties 

Va riou~ physical properties for the basalts penetrated by this 
b orehole were determined by cross- plot ting the respon ses on va ri ous 
logs, o r of log data with core data. One such cross plot between 
ne ut ron porosity data and g amma - gamma de nsity data is shown in Figure 
7. The plotte d poin ts were take n from the logs for units character 
ized by good resronses on the two logs, between dept hs of 1610 and 
4000 feet. Beca use all data pertain t o rocks from below the water 
table, the neutron response can be considered to be a measure of the 
porosi t y of the rock. The solid lines in Figure 7 represent the 
relationship betwee n p orosit y and bulk density f or va ri ous as s umed 
values of grain density. The median value f or g r ain densit y appears 
to be 3.02 g rams/cc. This is relative ly high for basalt, which might 
normally b e expected to have a density close to that of labr adorite, 

which is 2.71 grams/cc. 
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NEUTRON POROSITY 
1. 0 .--___ ...-___ .---___ .---__ --'-,.--,-___ -r-__ -, 

O. 8 I-----+-~---+-----+-----+--~-!-

O.G 

0.4 

0.2 

O.O~ ___ -L _____ L-____ -L ____ ~L-~~~~~~ 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 

GAMM A-GAMMA DENSITY 

Figure 7 .. Cross plot of values from the neutron porosity and gamma
gamma dens~ ty logs for dept hs betv,een 1610 and 4100 feet. The solid 
lines indicate the expected relationship for the indicated values of 
grain density. . 

A second cro~s plot is shown in Figure 8. Here values of "t 1 . . f ' ,~n erva 
trans~t.t~me rom the acoust~c wavespe ed log are correlated with the 
poros~t:es fro~ th~ neutron log for the interval from 1610 feet to 3010 
feet. The sol~d 11nes on the cross plot indicate the expe t d 1 t' 

h
. " f h . . . cere a 10n 

s ~p ~ t e lnterval trans~t t~me recorded on the log is th I" f h ".. e ~near 
avera ge a ~ e trans~ t tl~e ~~ th~ minerals comprising the framework 
of the roc~ and the trans~t t~me ~n water As ma y be s th d ' " • een, e ata 
do not fall along a s~ngle cu r ve but indicate a zero p "t . " ..' - orOS1 y wave-
spee d that ~ncreases w~th ~ncreasing porosit y At p 't" 

5 
" . • oros~ ~es above 

1 percent, the data ~nd1cate a wavespeed of 27 000 f t h' 1 t "h ' ee per second 
w ~ e a zero poros~ty, t e data indicate a wavespeed of 18,800 fee~ 
per second. The l att er v~lue seems to be more appropriate for dense 
basalt. Probably, the s~mple averaging of transit times does not 
properly express the dependence of wavespeed on porosity • 
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Figure 8. Cross plot of values of acoustic transit time for the 
acoustic log and the neutron porosity for depths bet ween 1610 and 
3010 feet. The solid lines indicate the expected relationship for 
simple transit time averaging with various wave speeds assumed for 
basalt with zero porosity. 

Responses from t;le full -wa ve -form acoustic log, the intp.rval 
transit time log and the gamma-gamma density log were used to determine 
values for Young's modulus for the basalt layers penetrated by the 
bore hole. Arrival times for compressional waves and shear waves 
were determined from the full - wave - form acoustic log, r~corded in 
a variable density form~t. However, these arrival times, which repre
sent the travel time from the transmitter to a single receiver, in
clude an unknown delay time for travel in the mud column. This delay 
time was determined by comparing the transit times for the single
receiver full-wave-form log wit h the transit times recorded with the 
two-receiver acoustic log. Then, Young's modulus was calculated 

from the formula: 

E = 

where V is the compressional \~avespeed. (J is Poisson's rati o, deter
mined from the compressional and shear \~avespeeds. and p is the bulk 

- 13 -

l 



~, 

,~ 

( 

I 
\ 
I , 
I 

I 
1 

I 
I , 
I 

\ 
I 
! 

I 
\ 

J 
f ~ 

/' 

I,. 

,-
OGGING SYMPOSIUM, JUNE 2·5, 1974 

density. Value~ [or Young's modulus so determined are given in Table 1. 

Table 1. 

Depth (J p (gm/cc) £ (Kg/m?) 

1~;20 -55 0. 25 2.60 ., ? x 10 13 
J. I" 

1455-15~0 .25 2.85 7.45 

1530-1605 .:10 2.90 6.35 

1605 -16 12 .3U 2.40 2.10 

1680-1690 .30 2.55 3.70 

1690-1705 .35 3.ao 2.47 
1780-1800 · :~O 2.50 3.16 
:t800 - ·1825 .30 2.70 4.16 
1880-1900 .35 2.65 3.X5 
19~0 - 1960 .30 2.75 5.09 
1960-1970 .3:3 2'.40 2. 5;~ 

1970 -1985 .34 2.55 3.7?-
21.30-?lBo .36 2.85 4.74 
2L,1O -2440 .20 2.65 4.45 
2590-2600 .35 2.70 2.61 
2610-?630 .31 2.80 5.39 
2632-?638 • 30 2.45 2.02 
2645-2655 • 30 2.40 2.66 
2655-2670 • 30 2.75 4.63 
2730":2740 • 27 2.50 1.65 
2742-2.760 • 30 2.90 4.59 
2815-2830 • 25 2.55 3.00 
2870-2885 • 25 2.57 4.15 

Resistivity measurement~ were made on more than 400 plugs cut from 
the cores, after they were resaturated w'i th <J saline solution con
taining 0:25 normal sodium chioride. The amount of water taken during 
l·esaturatl.on was u~ed to determine the porosi ty of these samples. The 
results are summarl.zed in Figure 9. in which t he data have been grouped 
f?r samples having similar porosities, and the avervge Value of forma
tl.on factor ~or each porosity group is plotted. The correlation be
tween formatl.on fact or and porosity can be represented by the equation: 

w~ere 0.is the fractional pore volume (assumed to be full saturate~ 
va th brl.ne. . y ~ 

This relationshi~ can be used with the induction electric 10 
and th~ neutron porosl.ty log to estimate the resistivity of the ~re 
water l.n the basalts penetrated by the borehole -rh p 

h 
c. • e responses from 

t e .. e t\~O logs were averaged over 200-foot inte . 1 . . . rva s, as sho\vn l.n 
F~gure.10. Then, the ~eutron porosity values were used with the 
formatl.on factor relatl.onship given above to d t . 
f 

. f e erlTJlr;e the aver.age 
ormatl.on actor for each 200-foot interval Th ". . f h' d . • e reSl.stlVl.ty value 
rom t e lr; uctlon log was then used to convert th f . t 'al e f . e o rmat~ on factors 
o \ U. S or pore-\~ater resl.stivi ty as shown b\l the thO . b 

in Figure'O 'l'h . t' . ' ~ ~ra ar-loa . ~. e reS1S lVl.ty that sea "ater would have at the te;p-
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Figure 9. Correlation bet~een porosity and formation factor deter
mined on core samples. Each dot is the average for the 
number of determinations indicated in parentheses. 

Discussion of results 

The temperatures encountered in the Kilauea geothermal research 
borehole are not high enough to comprise a commercially viable geo
thermal system, at least at the depths reached in drilling. Ho~ever, 
considering the rate at \vhich temperat o..lre is increasing \o\'i th depth 
at the bottom of the hole, it is tempting to speculate what might be 
found if the hole were deepened another 1000 feet, or even further. 
It appears that temperatures suitable f o r production of high-ener9Y 
steam would be present, though it must be remember that commercial 
stearn production could not be undertaken within the confines of the 
Hawaii Volcanoes t.;ational Park. It is even more tempting to speculate 
about the feasibility of deepening the hole to intersect the magma 
reservoir supplying the surface activity of Kilauea Volcano, though 
it is not clear that the drilling techniques yet exist which would 
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Figure 10. Aet hod for estimating pore -water resistivity. The two 
badr-~ogds o~ the left. were obtained by averaging the neutron porosity 
an In uctlon electrIc logs ove r 200 - foot intervals The bar - log of 
w~ter resistivity was obtained from these two logs in combination 
wIth the cor e sample measurements shown in Figure 9. 

permit drilling under such high temperature condition~. 

The reduction i n permeability which is observed tl 
10 f ' over le lower 

00 eet penetrated by thIS borehole is of cons1'der bl ' . l' , a e Importance 1n eva uatlng the geothermal potential of basalti 1 . 
f d' , , . c vo canoes such as 

are ' oun In HaWal.l. The near - su r face Javas found H " 
11 . on awa11 are 

norma y so permeable tha t one WOUld , expect heated ' d 
' I groun wa ter to move qUIc<ly throug h the rOCk , removing the heat f 

voir too quickly for the temperatures required fo rom a magm~ reser
viilhle system to build uP. The presence of alt r ~ commerc1ally 
per~eability in the basalts below the water tab~:a~~on and reduced 
actIon of self-sealing which is believed to t k I Y represent the 

a e p ace in geothermal 
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I J 
I reservoirs; that is,migrat ing thermal waters cause alteration which ' I 
I ' ·1 in tu r n reduces the permeability of the rock, tra pping the thermal f 

'J waters in a reservoir in \~hich the temperatur.e builds lip to economic I'! 
I. levels. 
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