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7 ABSTRACT _
A 1262—m—deep bore hole was dr111ed at the summlt of K11auea
’ Volcano, Hawa11, to test pred1ct1ons based on surface geophy51ca1 -

surveys ‘and to obtain 1nformat10n on the hydrothermal ‘regime above a

-
:postulated magma reserv01r. Data from the dr1111ng and geophys1ca1
1
i

borehole logs tend to conflrm earlier predlctlons that a- mound of

l
1
1

Temperatures within the hydrothermal system .are not suff1c1ent1y high

| ¥brack1sh or saline water 1s present above the 1nferred magma body.

to’ 1nd1cate depos1ts of economic 1nterest, but the gradlent toward the.

bottom of the hole (approx1mate1y 160 m below -sea. level) is h1gh

" hole bottom.

about 370°C per kllometer. The maxlmum‘temperature, 1379C, is at the
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: suPP1y much of the necessary data.

INTRODUCTION

Nat1ona1 concern over an energy shortage has greatly expanded f.df
1nterest 1n geothermal power._ Commerc1al geothermal power plants
throughout the world are located in areas of recent 5111c1c volcanism, |
but the obv1ous supply of heat assoclated w1th Hawa11 s actlve l
basa1t1c volcanoes 1s attract1ve as a p0551b1e future ‘source of power.i
Although Hawa11's volcanoes are among the most thoroughly studled in

| the world, 11tt1e is known about whether the1r subsurface temperature

: reglme and hydrologlc and geologlc condltlons are»favorable-for

20— geothermal depos1ts of economlc potentlal Only drill holes can

-

The first deep bore hole at the summlt oflan actlve volcano was _:h
drllled between Apr11 6 and July 9, 1973 at K1lauea Volcano, Hawa11, 3
with support from the Nat10nal Sc1ence Foundatlon., The hole, 1.1 km
south of Halemaumau Crater [19023 7' N, 155013 3" W; F1g. 1), was
drllled to a depth of 1,262 m (4, 137 ft), measured from the derrick
floor located at an altltude l 102 m (3 616 ft) above mean sea level

(depth levels in the hole are g1ven relatlve to dr1111ng platform

A.datum,p3 m above ground surface).' Hole" bottom was 160 m below sea

?level Although the drlll hole is within the boundarles of Hawa11

; Volcanoes National Park where by law resources cannot be exploited,

the National Park Service permltted the drilling project as the hole

,was to be used for research only. This report'rev1ews ‘the rationale

!

. - for site selection and summarizes available data on core samples,

.., temperature measurements, and geophysical logging.

U. 8. GOVERNMENT PRINTING OFEICL @ 1030 O - 45%-5ik
[ 1R




—————— e = e o

9.17L7

Y

‘w

Although 1t 1s one of the world's most actlve volcanoes, Kllauea

.Figure 1 near here

Volcano's erupt1ons are usually nonexplos1ve, and sc1ent1f1c studles

generally can be carrled out safely at - close range durlng all stages

of activity.

i
K11auea'exh1b1ts h1gh se15m1c1ty, mainly associated with :

‘fault systems on its suimit and rift zones and with movement of magma

at depth (Koyanagi and others, 1971 and 1972) Because Kilauea's

—'basaltlc lava is grossly uniform in chem1ca1 and mineralogic compos1t1on,-'

13

14 -

;var1at1ons in its behavior can belinterpreted more readily'than is

""‘ ‘

16

17

i
i
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ijossible'for volcanoes of variable composition.' For.these reasons,

: K11auea has been intensively studled and prov1des, and ‘is contlnulng

to prov1de, a unique field Iaboratory for carrylng out 1nvest1gat10ns

that would not be fe351ble elsewhere.

RSN  —
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}\—*J ) B ' Measurements of se15m1c1ty, ground t11t, elevatlon changes, and

Ly 'hor1zontal ground dlsplacements repeated regularly by the Hawa11an

LW

Volcano Observatory show that 1nf1at10n and deflat1on of K11auea's

4 summit area is generally centered in or near the southern part of the
S- caldera (Mogl, 1958 Eaton, 1962 Flske and others, 1969 Kinoshita

6 and others, 1974) These centers of deformatlon are 1nterpreted to lie

T above a complex magma reservoir system., When magma rises to fill the

reservoir system, the increased pressure inflates the summit area;

[P, .......-...-....m - ——

® .| when magma drains rapidly from the reservoir complex, especially

1o-: during certain flank eruptions, internal.pressure is relieved and the |

: . H
I - . B l

: volcano deflates; Ana1y51s of deformatlon durlng these 1nf1at1ons and

1 'fdeflat1ons by e1ast1c models 1nd1cates that the magma reservoir
\'J. S system may be about 2 to 4 km below Krlauea s summit region (Mogi,

* ' 1958; Eaton, 1962).
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.of 900 to 2000 meters below the summ1t area of Kllauea. The
're51st1v;ty,of the upper~zone 15-10 to Sohohm-m, that of the lower

| zone about 2 ohm;m{ .The boundary has the form of a broad subsurface:

frequently centered and one in whlch shallow caldera earthquakes are -

 An electromagnetic sounding Survey by Jacksonfand Keller (1972)°

defined a boundary between zones of contrastlng re51st1vity'at a depth |

dome beneath the southwestern edge of_Kilauea'caldera, whose apex -

coincidea'approximately with an area. in which'groond~defbrmation is

concentrated (Koyanagl and Endo, 1971 Koyanagi and others, 1972).
Jackson and Keller con51dered the p0551b111ty that the zone of low T

resistivity might be molten magma, However, because e1ast1c modellng

of the deformation data suggests that the reservoir complex is deeper»
than the 900-m apex of the resistivity.boundary, they concluded that L
the low-resistivity zone was more likely to be'saline groundwater —

domed 1nto a hydrothermal convection cell drlven by heat assoc1ated

w1th the under1y1ng magma reserv01r.

U. 8. COVERNMENT PRINTING OFFICE ¢ 1672 O - 457- 044
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F10- addition, drill-hole information on volcanic structure, rock composi- i

; pr1or to drilling. It was ant1c1pated that 1nformat10n from the drill

‘

L ground-water comp051t10ns be applicable to geothermal research in

. . _ )
| basaltic terranes elsewhere, both within andvoutside Hawaii? In

i

- tion, and physical properties near the inferred summit ‘magma reservoir

'-complex could be valuable 1n 1nterpret1ng volcanlc behavlor. The hole

- summit., , e o S

-fbr the magma reserv01r and assoc1ated hydrothermal convect1on cell

Flgure 2 d1agrammat1ca11y dep1cts the conflguratlon speculated

hole would prov1de a test of the pre-dr1111ng conceptual model (Flg. 2);
as well as other ideas. For example, 1s some of K11auea's shallow
mlcroearthquake act1v1ty related tomovement of hydrothermal fluids

(see Ward, 1972)? Can the 1nformat10n on ‘subsurface temperatures and

also would prov1de access for future subsurface studles at Kllauea s

FUTU

Figure 2 near here
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DRILLING PROCEDURES AND OPERATIONS -

A contract for dr1111ng the. leauea Research Dr111 Hole was '
awardedAWater Resources Internat10na1 a dr1111ng company located at
Honolulu, Hawa11,_w1th exper1ence in dr1111ng water wells in the

State of'Hawa11. After considering dr1111ng w1th a1r or with a

dr1111ng mud because the company's experlence showed this drilling

procedﬁre was best suited for conditions in Hawaii.
'The.entire drilling operation was ‘carried ont "blind"; . that is,

if1u1d losses 1nto permeable zones made it 1mposs1b1e to ma1nta1n a

: return c1rcu1at10n of mud to the surface. Durlng actual dr1111ng,_,

water consumptlon ranged from 38 000 to 114 000 11ters per day. A
total of 4, 500 000 11ters of water was used durlng, which had to be
transported 30 km from the mearest water supply.. ThlS water was

icombined.with‘approximatelyr400,000 kénof bentonite clay‘to form a

:high-viScOSity, low-density drilling mud,

— e idm A W et e . S— . anae ap am=b

stablllzed foam, it was dec1ded to dr111 u51ng conventional water-basei

e ——p ¢+ ———

L.

V. 8, GO\ER‘X‘"'\T PRINTING OFFICE : 1972 O - 427-044
[ L3 2313




\—

10-"*

1

12

13

s

© 15—

16

17

. 18

19

20—

25~

,'v It had been planned to recover core7fr0m most of the interval -
drilled A heavy-wall coring barrel. with’a capacity fbr'recovering

5 up to 20 meters of 9-cm (3. 5-1nch) core per Tun was selected on the

mud c1rcu1at10n, however, 1t became necessary to change to a shorter
coring barrel with smallervouterkdiameter. Furthermore, "the diamond
bits lasted for an average'of only seven.meters of core drilled. The

great amount of time requlred for corlng operatlons and poor d1amond-

b1t life, led to such hlgh cost that the plan to cut nearly complete
: cores had to be abandoned _Only occa51ona1 cores were cut fbr a total
) of 29 core runs that recovered about 47 meters of core or about 3.7

percent of the total hole depth (Table 1)

Table 1 near here

i The- noncored 1ntervals were drilled w1th standard rock bits w1th
i

carb:.de 1nsets on the cutt:.ng edges ("button" b1ts), wh:.ch prov1ded

émuch more rap1d penetration than the diamond bits. Dr1111ng rates
. ranged from as low as 1 meter per hour in the dense sections to as

high as 60 meters per hour in loose, porous zones. The penetration
rate was recorded continuously during drilling, and subsequent

i
|
! c115e s . s
icomparison of drilling rates with the porosity of recovered cores
i

‘the last 1€0 meters of the
Ahole, where increasing temperatures and denser rocks apparently

Lshortened the_life_of the bit.,

indicated a good correlat1on. Blt 1life averaged 150 meters except for :

basis of 1ts successful use - on the Deep Sea Dr1111ng Program. Without {.

© . e — . -
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Tableig;

v Inventory of 9 cm (3.5-inch) core recovered frg;Pthe Kilauea research hole (total deptﬁ+, l,26§}b m).

- . Core - o - A o
Core-/ ‘Depth+ . Recovered Perceant Depth of Sidewall Coresf/
Date Run._ (m) _(m) Recovery l " (m) -
April 6 1973 +land 2 - 12.8 - 14.3 - 1.1 - 72,0 . -10.7 (ash)
8 : 5and 6 28,1 - 31,3 2.2 70.5 34.4 (ash)
10 - 8and9 - 826 - 87.1 . 2.2 ~49.0 - 101‘8 ‘
12 11 -155.1 - 158.4 1.8 52.7 167 6 178.3 (ash) 192 3
13 . 12 200.4 - 200.6 0.1 42.8
15 ' .13 251.6 = 252.8 0.2 12.5 - 272 2 272 8 274.0 274.6 275 8 291, 4 299 9
May l 14 ) 3&-‘2 - 327-1 2.7 92.6
5 15 - 387.5 - 390.6 . 3.0 . -~ 98,0 .
6 - .16 419.1 - 422.1 3.0 -100.0..
7 17 456.6.-, 459.6 3.0 100.0 . -~
8 .18 489.,2 -~ . 492,2 . 3.0 100.0 r
9 19 524 -~ 524.4 . 3.0 100.0
15 2 596.9 - 599.9 . 3.0  100.0
26 24 795.7 = 797.1- 0.2 17.8
30 .25 823.6 - 826.7 1.6 . 54,0
June 1. - 26 895.5 - 898,5 . 2.9 95.0
23 o 27 943.7 - 946.7 1.2 40.0.
27 . 28 1070.6 - 1071.6 . 0.3 28,6
July 8 29 1255.7 - 1258.6 2.9 7.9
Total ' 46:8““

#Runs l-14 used a 20dm-capacity coring barrel; runs 15-29 a shorter coring barrel; B-m capacity.
+Depth relative to derrick floor, approximately 3 m above ground surface.
#Schlumberger 2. 5-cm (1=inch) coring plugs fired by explosive charges.
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, dr1111ng operatlons, and bottom-hole temperature measurements were -

of the drill hole was 20. 0 cm, but by the time a depth of 315 meters

: 1nstalled
: later grouted from the top when it was found that most of the cement

’ ?1nJected durlng squeez1ng had spread 1nto the rock near- the base of

*% the casing instead of rising along the outs1de of the casing.

the casing seat at 315 meters to the bottom of the hole, the walls of

lvneeded

" a depth of 1262 m had been reached,

| terminate drilling at 1262 m in order to evaluate drill-hole information

: collected to date before trying to drill into rock with higher

i Dr1111ng on -an 18 hour per day ba51s started on Aprll 6 and
cont1nued unt1l the end of May. A down-1nterva1 of 6 hours per day |
allowed the bottom-hole temperature to be measured Later, ‘the da1ly b
down-lnterval was e11m1nated in favor of more eff1c1ent schedu11ng of

made only during 1nterrupt10ns,1n the drlllzng. The nomlnal d1ameter

had been reached, some problems with cav1ng were met. The hole was

then reamed to a dlameter of 53 cm and a ca51ng of 35.6-cm dlameter

Th1s ca51ng was squeeze-cemented from the bottom, and

From

the‘borehole appeared to be stable, and novadditionél casing was
Dr1111ng cont1nued with m1nor 1nterruptaons caused by shortages
of supplies, such as mud, water, and drilling pipe until July 9,_when
Because bit life had shortened to |
only 30 meters, it wasdthought that‘bottom—hole temperature mlghthbe

rising rapidly. Measurements confirmed this, and it was decided to

temperature.

U. S, GOVERNMENT PRINTING 6F'NCE 2 3672 0 - 457008
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icorlng plugs fired by exp1051ve charges recovered 1n-51tu mater1a1

' (Table 1)0-,

ot o | —— Y — et e 8 8 o

: The attempt was largely unsuccessful. Only 13 of the 2.5-cm (1 1nch)

DESCRIPTIONS OF CORE SAMPLES

Although core recovery for many of the 29 runs was fa1r to
excellent, the total amount of core. recovered was small (47 m, .or
about 3 7 percent of the total hole depth) as shown by core 1ntervals
and recovery given in Table_l. Because no mud c1rcu1ated back to the
surface-during drilllng,,no Cuttinge’were returned. ;Piston-type
sidewall.coring was attempted in order to augnent the lithologic

sampling in the upper 300 m of the holeri The sidewall coring levels

’were chosen to sample a'variety of physical_properties indicated by

geophys1ca1 logging and to sample the section between the core runs.

Systematic petrographic and chemical studies of the cores are

‘ pending. Although the sampling is undoubtedly,biased toward the more

competent rocks, some generalizations can be made from megascopic
observations of the available core. 'The entire hole is in basalt, but
| three broad 11tholog1c zones appear to be represented in the depth

1ntervals 0-300 m, 300- 600 m, and 600 1,262 m.

e e — A ——-————t -
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" The uppermost 300 m appears to be composed ma1n1y of th1n ,"

pahoehoe flows characterzzed rather un1fbrm1y by about 20-45 volume-’

percent ve51c1es and a few phenocrysts.

'than 2 percent ol1v1ne phenocrysts, a few samples contaln as much as

‘5 percent 011v1ne, and even fewer conta1n 10 percent plagzoclase

phenocrysts.

prehistoric lavas of the Puna Volcanic Series 1n_the'wa11 of Kilauea

caldera (StearnS'and-Macdonald; 1946, p. 193).

Most of the rocks have less

In general the core recovered 1s much like the exposed

L. 5. GOVERNMENT PRINTING OFFICE. : 1972 O « 457084
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5 apparent bulk den51ty.' The ground surface at the drill 51te is under-

7

»

xo-ifine- to medium-grained ash,

i1
12

13

14

B S T S v 0 N g . JOT R AR ST Sy

‘volcanic rubble. A plug was recovered from the surface ash at 11 m

The szde-wall-corlng attempts were made in the upper 300 m of the
hole at depths chosen on the basxs of geophy51ca1 log propert1es -
that mlght represent ash zones: large hole size where dr1111ng had-

been rap1d low re51st1v1ty, hlgh apparent hydrogen content, and low

‘la1n by about I m of unconsolldated to weakly 1ndurated ash and .

;(the drill collar was about 3 m above the ground). Another plug

:,;obtained from a 2.5-m thick zone at depth of 34 nﬁcons1sts of -

}could be the Uwekahuna Ash a un1t found low on the northwest caldera

- Its thickness and depth suggest that it

'wall (Powers, 1948, p. 280-284) An ash zone about 6 m thick was

;sampled at a depth of 178 m, It 1s“tempting to correlaté this zone

;w1th the w1despread Pahala Ash that occurs at elevat1ons as high as

15— about 670 m above sea level at H111na Pa11, 10 km south of the drill

16

17

18

19

:hole. If this correlation is va11d-‘the lavas under1y1ng thlS ash

“iin the drill hole would be expected to correlate with the Hilina

IVolcan1c Ser1es, which contalns numerous ash 1nterbeds (Stearns and

Macdonald 1946 p. 191) All of the other sidewall cores con51st of

' 7“‘;fragmented, partly glassy vesicular lava, most of it probably

&3
22
23

24

i
|
-representing crushed pahoehoe crusts.

o5

e — -
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“t- | not_yet_been_studied_in_detail. - _ g

most commonly aphyrlc, nearly holocrystalllne, and conta1n slightly
i than 1 mm in diameter to varieties in which vesicles as large as 3 cm

: make up as much as 40 percent of the rock. Some continuous cores show;

" the rock" 1n the 300-600 m 1nterva1 is more competent ‘than the rock

| suggest that several zeolites are present, but these minerals have

The interval between 300 and 600 m, sampled in core Tuns’ 14

through 21 (Table 1), is made up of basalt generally coarser gra1ned\

- ——— o ————

and more crystalllne than that hlgher in. the hole. Core samples are

greater proportlons of megascoprc groundmass plagloclase and Fe~T1-
ox1des ‘than higher in the_hole. The ves1cular1ty of samples is hlghlyg

varied, ranging from dense rock with only a few percent vesicles less

+ clear gradations from low to high vesicularity, apparently preserving ;

'? chilled margins of thick, ponded-pahoehoevflows or sills; In general,?a o,

.;above or below. Some - of the core runs, most notably numbers 17 and 19- |
yield eontinuohs sol1d core 2 min length. “All runs in this interval ;
~-were_characteriied by core.recovery not less than 92 percent; ;The
average drilling rate for this intervallwas slower than that for the.
f1rst 300 m. | B

Of partlcular signlflcance is the first appearance at 488 m of

X e -

zeolites and calc1te partlally.f1111ng ves1c1es (core run 18). Data

_ _ |
. |
i fluid level in the hole is at about the same depth, 488 m, 'The first ;

from geophysioalklogging discussed below indicateithat the standing

occurrence of zeolites at this level is consistent with this fluid

level representing the local water table. Diverse crystal habits

U, §, GOVERNMENT PRINTING OFFICE : 1972 O - 357-083
07210
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. Although less than 2 percent of the Bottom half of the'hole

(600-1 262 m) was cored the 11thology of thls 1nterva1 seems dlstlnct

'scop1ca11y dlstlngulshable phenocrysts. The bottom half of the hole

seems to be composed of a1ternat1ng th1ck and th1n flows, 1nc1ud1ng ’

, at least some aa. Core Tun 27 for example, recovered ma1n1y rubbly

mater1a1 of the top or bottom of an aa flow,
: The densest-appearlng rocks recovered were'in'the bottom half;

these flne-gralned essent1a11y nonve51cu1ar rocks may represent

ch111ed zones of 51115 or th1ck flows. . Perhaps co1ncidenta11y, the E

deepest core recovered (core Tun 29 Table 1) is also the least

ves1cu1ar and the only one from below present sea 1eve1 wh1ch is

1 102 m below the dr1111ng platform. Although this core.shows no

obv1ous petrographlc or other features typ1ca1 of submar1ne lavas, we

'cannot ent1re1y dlsmlss the pOSSlblllty that thlS dense rock was

'. quenched under relatlvely h1gh hydrostatlc pressure w1th little’

attendant_dega551ng.

darker, locally has a greenxsh cast and exh1b1ts v1rtua11y no mega- - |

- -——— -

from that of the two overlylng zones. In general the core 1s sl1ght1y_

H
H

H
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‘Vlargely determined by the or1g1na1 fabrlc,Ave51cu1ar1ty, and fracturlng'

“of the rock.

—.e - nww e

. w— b e e e

of secondary m1nerals than hlgher cores;: In addition to zeolltes and

: ca1c1te in mlnor amounts, some ves1c1es and fracture surfaces contaln

'chlorlte, montmorlllonlte(?), opal chalcedony(?), and fluorlte(?)

'scopic and microscopic evidence-suggesté that the degree of

The core from the 600 1,262 m 1nterva1 contalns a greater var1ety

coated with quartz. Much of the rock in core 26 (895-899 m) is

amygdaloidal.v Although there is greater diversity of secondary

minerals in rocks from the bottom'half'of the_hole, available macro-

1

i

| !

alteration does not appear to increase progreSsivelwaith depth. }

Rather, the extent of alteration in 1nd1V1dua1 samples appears to be |

i

[P,
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-;hour. Coincidence of readlngs on a maJor1ty of the thermometers

12

14

15‘3system and a down-hole therm1stor probe. Maximum values recorded

16

-7

19

g

: durlng the course of the dr1111ng, whenever operat1ons were 1nterrupted}‘

1 for a few hours so that the bottom—hole temperature could stabilize.

" TEMPERATURE MEASUREMENTS

Temperature measﬁrements made both during‘and after drilling are .
Eessent1a1 in evaluatlng the p0551b1e presence of a hydrothermal

system. Bottom-hole temperature measurements were made frequently

l

. These temperatures were recorded by 3 to 6 max1mum-read1ng thermometers

’attached to a short length of dr111 p1pe lowered to the bottom of the
’hole on the sand line and permltted to stablllze for 30 m1nutes to an
was accepted as eV1dence that the thermometers had not shaken down .

durlng the1r return tr1p to the surface.

“Beginning on May 30, and cont1nu1ng unt11 August 25, continuous

temperature logs were run at 1ntervals u51ng a w1re 11ne logging

s1multaneously w1th the thermlstor probe. and the max1mum-read1ng
thermometers generally agreed to w1th1n :;°C. Flgure 3 summarlzes

. e IR L : . .
some of the temprature measurements made during and after drilling.
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‘The ﬁemperature profile obtained i.n'ithe. 'K.i'l'éueé. .reseai'gh- drill -
1 hole, 1like 'thdvs"e'of many hydrothemglwtsystems,l“is complex. The
prominent featurés are: .
- (1) An essentialiy isothermal ‘.ini;erval between the surface and
488 m depth; | |
2 A rapid rise in temperature between 488 m and 732 m;
; " (3) A decline in iempera.tixre between 732 m and 976 m; .
 (4) An increasingly steep rise in temperature betweeh 976 m
O  end the bottom of the hole, 1262 m. .
;
;
1
|
!
i
i
i

19
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‘-temperature proflle, particularly 1f some 1ntervals accepted 51gn1f1-

10~

1

13

4

. 15—

17

“18

19

21

-n

34.

. 2% -

K of dr1111ng mud 1n3ected it 1s noteworthy that a11 1ntervals of

" by the time of the f1na1 temperature measurement. Extrapolatlon'of

, 'recovery.

August 23' using the thermistor probe}'four are shown in Figure 3.

‘
l
'
H
|
|
f
I
!
i
]
H
|
|

The large amounts of water 1n3ected 1nto the rock around the
borehole dur1ng dr1111ng (4 500 000 11ters at a temperature of 16 to r

20°C) could poss1b1y lead to long—term dlsturbance of the natural

cantly more of the dr1111ng f1u1d than other 1ntervals.l Tkelve

temperature logs were run-durlng the 1nterva1 between July 12 and

These temperature prof11es show how the 1n-hole temperature changed as
the thermal dlsturbance due to dr1111ng d1551pated In view of the

amount of thermal dlsturbance that mlght be expected from the quant1ty

v s meee cecme e mes —————

: the borehole appear to have approached close to equ111br1um temperatures =

. the curves of bottom-hole temperature with time indicate that the

bottom-hole temperature'wiil'not exceed 140°C with complete thermal

Figure 3_near,here .
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Temperature measurements made in a 51ng1e dr111 hole do not

prov1de a unlque determlnatlon of the heat flow in the v1c1n1ty of . ’

the hole because ‘the horlzontal component of heat flow is not g‘

determlned These temperature data do place 11m1ts on the amounts of

poss1b1e heat*flow. For example, the p0551b111ty that the temperature
prof11es shown in F1gure 3 are the. result of steady-state flow without
convectlon is sl1ght. Reversals and rap1d changes in grad1ent almost

certainly require convectlve transfer of_heat or transient conductive

transfer. | |

A minimum estimatebof the steady-state heat flow can be obtained

;if the thermal conductivity of the rock is known over intervals of

maximum'thermal gradient.. The thermal gradient at the bottom of the
_hole is O. 37°C/m. Measurements of thermal conductivity have not yet

been made on core samples, but assumlng a reasonable value for the

"‘thermal‘conduct1v1ty of porous basalt conduct1ve heat flow would be

16

17

19

about 25 microcalories per square centlmeter per second Similar high
rates of heat flow could be computed for the _top and bottom of the |
zone between 488 and‘707 n depth The true heat flow may actually

be h1gher if the transfer is in part convectlve, or if the flow 1s not

Eentlrely vertical.
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GEOPHYSICAL LOGGING

In add1t1on to the borehole temperaturé measurements, other '

- phy51cal measurements were made in the borehole uszng convent10na1

well logglng methods (Table 2), whlch prov1de a relat1vely complete

su1te of 1nformat1on about the rock around the borehole, and make up

represent only a small sample of the sectlon, and are probably

Iblased towards the more competent rock 1ntervals, but they provide
,a ba51s for correlating the physical propertles measured w1th the logs

,w1th 11tholog1C'character of the rocks penetrated by the borehole.

.-g.f'_ The quallty of the logg1ng data was good for most sect1ons of

the hole, although large varlatlons in hole d1ameter in the uppermost :

ER

. 14

15—
16

17

al

. . 2 s s i imne e - e

300 meters caused some problems w1th the response of the s1dewa11

: logg1ng devices (gamma-gamma den51ty, neutron por051ty, and magnetlc :

suscept1b111ty)o

Bk 4 e

the pr1mary set of data from the dr1111ng pro;ect. ‘The cores recovered

S v e a——ma s ome
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e j (Fig. 4).

‘1

Ce.1267

1 -In thls br1ef report, only certaln sal1ent features of the logs
27 are dlscussed Flgure 4 contarns three 92 meter (300 ft) sectlons of

3 the well logs for zones where s1gn1f1cant changes 1n the average

A values of phy51ca1 propertles of the rocks are be11eved to take place.
5-1 In most logs, the parameters show large varlatlons 1n value w1th1n

6 | short intervals, suggesting d1$t1nct changes‘1n4the character of the

7 | rock. Superimposed on thesé abrupt changes are less obvious changes

¢ | in the average values.

® . Recorded resistivities are high in the section above 488 m and

1°“151gn1f1cant1y lower below that depth (Flg. 4) ‘The 488-m level is
n 'the lowest level to whlch the f1u1d in the borehole has dropped and

12 a probably is the local water table. Progress1ve1y lower average ,

13 reszst1v1t1es with depth are noted in the three 1ntervals shown

16

17

1¢
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9

i (Fig. 4). The sonic interval transit'time also is related to porosity.!

16
17
18
1%

20—

Values of por051ty from ‘the neutron-por051ty log range from less

than 2 to 35 percent.. The scale shown, however, is- based on a

llmestone matrix and may need to be relvsed after callbratlon with

‘ por051ty measurements of the core samples. These data_are necessary

Table 2 and Figure 4 near here

for determining pore-water resistivities'from the resistivity log
and for studylng the degree of water saturation in the section above’
the water table. When Cross correlated w1th the den51ty and sonic

logs, values fbr average graln den51ty and matrlx velocity can be

»obta1ned.

Bulk'densities, from the gamma-gamma log, vary from 2.3 to 3.0

‘ gm/cm3 and correlate well withvporosity in the intervals shown

It is affected dlfferently by the matrix and fluid characteristics

of the rocks, however; unllke the gamma—gamma dens1ty log, the log of

‘ lsonic interval transit time does not show_one-to-one correlatlon with -

the porosity log. (Fig. 4).

L
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Teble 2. Geophysical borehole measurements in the: research drill hole
at Kilauea. The magnetic logs were made with equipment
- - developed by the U.S. Geological Survey; other logs were
- - made by the Schlumberger Well Surveying Corp. For descrip-
-tion and information on Schlumberger -logs, see Schlumberger

Manuel (1972) or Pirson (1963).

* “Type "of ‘Log

' Sidewall neutron porosity
' :Sidewall neutron porosity
Sidewall neutron porosity
Sidewall neutron pdrosity

"Inductidn-electrical log-gamma ray.
Induction-electrical log~gamma ray -
- Induction-electrical log-gamma ray

-

' Camma-gamma density -
Gamma-gamma density
Gamma-gamma denéity '

: Ggmma—gamma denéity
Béréholé:coﬁpenséféd soni?,A
Full wayéfo?m éi;play gqhic

'Magnetic sugceptibél;ty

Vertical magnetic field intenéity

25

‘‘Date Run
4/16/73 -

- 4120/73
6/3/73
719173

- 4/20/73
6/3/73 .
7/9173

4)16/73
- 4/20/73
- 6/3/73
719773

LS

- 6/3/73

6/3/73.
6/20/73

6/20/73

" Logped ‘Intérval (m)

0 —-322
0 ~ 322

- 315 - 936
. 884 - 1248

0 ~ 322

.:314 - 936
458 ~ 1247

0~ 322
0 - 322

313 - 936

884 - 1244

315- 936

- 314 ~ 933

314 ~ 1128

314 - 1128
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s siuditin

Y 9.1267

;

1 ' - The magnetlc suscept1b111ty log reflects the d1str1but10n of

2 ferromagnet1c mlnerals, in these rocks pr1mar11y magnetlte. The
'3~]1 average magnetre_suscept1b111ty of the sectlon between 488-518 m is
4 | more thahrthree‘times that of most of the other-sections logged.- The

s- | vertical magnetic field intensities in this interval also are large.

¢« The lack of a one-to-one correspondence between the vertical magnetic

7 field'ihtensity log and the hegnetic:susceptibility log, noted in many

¢ :sections of the hole, indicate that these rocks exhibit large .

o , e y
9 3varlat10ns in the ratlo of remanent to 1nduced magnetlzatlon. A

10— : A key obJect1ve of the logg1ng program was to ‘determine the

——— e m—— . —— o of—~

"o varlatlon in the sa11n1ty of the pore waters w1th depth in’ the hole.
12 The ba51s for such a determlnatlon rests on an emp1r1ca1 relat1on

2 ‘between the re51st1v1ty of a rock, /9 and the res1st1v1ty-of the -
o |
, which in turn is a functlon of the concentratlon

i
X

15 :
r contained water, /Ca

‘ ?&‘ and mob111ty of the dlssolved salts (Plrson, 1963)
]

i -apwy o

where ¢ is the volume fraction of water in the rock (water-f111ed

— e . e e o ——

:por051ty) and a and n are empirically determlned parameters that - depend

"‘9 on the pore/1nterst1ce dlstrlbutlon w1th1n a given type rock.

- 3

a b

_ Lwte 7 ypeselies; Fomdw M-‘;;,z ;- A.{uww‘;(

25 -
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9.
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-

-~ No systematlc changes in apparent re51st1v1ty of the pore water

were recognlzable for data from the 1nterva1 between 488 and 1189 m.

. Near the 1189-m level however, a decrease 1n /9\ is ev1dent, and thls .

decrease becomes more pronounced toward the bottom of the hole. For a

'”szngle-salt solutzon of sod1um chlor1de, the re51st1v1t1es at the

temperatures observed 1n the hole would be equlvalent to a concentra—

tion of about 5, 000 ppm for flu1d in the upper ‘interval and as much

as-30,000 ppm for the fluid at the bottom. ’No samples of formation

’!water were obtained in the borehole;‘despite severa1°attempts.made to |

(

10~ use the Schlumberger wire 11ne testlng equlpment for thlS purpose.

11

13

14

|
15 :

12

Samples from the top of the f1u1d column have been and are be1ng

collected perlodically in the hope of ult1mate1y recover1ng fbrmat1on

f1u1ds flow1ng 1nto the hole.

16

¢ 18

19

21

22

' PHYSICAL MEASUREMENTS ON CORES

More than 400 plugs, 2.5-cm in diameters, were cut from the 29

cores recovered during dr1111ng. Physical measurements made on these

: i
17 ’samples prOV1de a check on the emp1r1ca1 relat1ons used to convert the

]

i

-quant1t1es usually measured 1n geophys1ca1 logging to other parameters

b
;descrlblng the rock. Measurements partlally completed in the labora-

tory include por051ty, density, flu1d permeablllty, and electr1ca1
3 \

‘resistivity. Measurements scheduled to be completed in the near

future include thermal conductivity and diffusivity, magnetic

susceptibility, remanent magnetization, and acoustic wave speed and

elastic'moduli."The bulk of the core is stored at. the Hawaiian Volcano

: Observatory and available for further studies.
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R S B DISCUSSION OF THE RBSULTS

"~ Even though a great deal remains to be done in detailed

-

3. descr1pt1ons of the recovered core mater1a1 and 1nterpretat10n of
R ‘the var1ous borehole logging surveys, a number of results are apparent.

.5-"0n the one hand it is highly gratlfylng that the 1nformatlon -

€ - obtalned from the borehole appears generally to substant1ate the
7. models derlved from the varlous geophysical ' surveys carrled out - around

¢ the summit of Kllauea Volcano. On the other hand, it is clear that !

L the temperatures encountered in the borehole are not high enough for:;.;w.w.._

1< an economically viable geothermallreservoir, eVen'if;production of i
.11 " geothermal .energy were permitted._'

¢

-
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12

| »shore line. Then, the h1gher elevatlon of the water table only 13

'result of a hydrothermal convect1on cell Cr1t1ca1 ev1dence is the

;vwater table is .one or two meters for each k110meter dlstance from the'

13

14

" . one possible model, the water table is postulated to be locally

- up11fted by thermal drive above a magma reserv01r in a zone of

,between salt water and fresh water 1s sl1ght, elevation of the fresh-

'1ntru51ons, low-permeablllty, compacted and/or altered ash layers,

water table in_the » vicinity of the drillhole,

The temperatures encountered -can befeiplained'either as the

result of | tran51ent heat flow from fa1r1y recent 1ntru51ons or as the

existence of a water table at 488 meters depth in the hole, an
e1evat1on of 614 meters above sea level A 51mp11f1ed groundwater
model for oceanic 1slands assumes that the water table is 1n

hydrostatlc equ111br1um, the elevatlon of the water table ‘above sea

level being compensated by the depre551on of the salt water—fresh

water 1nterface below sea level Because the den51ty dlfference

kllometers from the ocean must be caused by some other mechanlsm. IIn

reduced permeablllty in the V1c1n1ty of the magma body. Another

possible model postulates that geologlc factors such as dike

that are not necessarlly related to or caused by a magma reservoir at
a Shallow'level, trap'and conta1n h1gh-1eve1 water reservoirs. Hence,
the elevation of the water table is caused chiefly by regional hydro-

geologic conditions. These two models are not necessarily mutually

'~exc1usive, and other models may be postulated. With data available, '§A

it is not possible to determine uniquely the nature and cause(s) of ‘
the apparently impermeable zone(s) required to maintain the high-level -

‘U, 8. G’.)VER‘JME\"I' PRINTING OFFICE ¢ 1972 © - 457-088
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Permeabilities measured on plugs from the core samples obtained
are very low. The samples doubtless are b1ased toward competent and
_1mpermeab1e un1ts. However, the re51st1V1ty logs y1e1d 1nformat10n
about the 1n-sxtu permeablllty of the penetrated rocks. The resisti-

~,V1ty measured w1th-the short-normal dev1ce 1s‘consrderab1y'1arger

7

i than that measured with the'induction'device (Fig. 4). The amount of

this difference or "departure" between these two types of resistivity
measurement provides an indication of the extent of invasion of

permeable wallrock around the borehole hy nud filtrate. In most

| sections of the holexbelow the water«table; the amount of departure

between the two resistivity logs‘gradually dininiéhes with depth,

. 1mp1y1ng a correspondlng decrease in permeablllty.

The general reduct1on in permeab111ty toward the hole bottom is

o of considerable importance in evaluatlng the geothermal potential of

H
o
15=! the volcanic edifice. If all the lavas were as permeable as the lavas

17

16

1¢

5above the water table, heated groundwater would move quickly through
the rock remov1ng the heat from a magma reserv01r too qurckly for the
temperatures requlred for an economlcally v1ab1e system to bu11d up.

';Alteratlon in the lavas below the water table may represent the action

20- 1 of the self—sea11ng believed to,take place in geothermal reservoirs;

that is migrating thermal water causes alteration, reducing the
permeability of the rock and trapping the thermal waters in a '

Teservoir in which the temperature can build up te economic levels,

+

|
-
b
!
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Cons1der1ng ‘the steep temperature gradlent at the bottom of the ;.

hole, it- 1s tempt1ng to speculate about what m1ght be d1scovered 1f

the hole weTe deepened. It is p0551b1e that temperatures suitable

fbr productlon of hlgh-energy steam ‘might be encountered "It is even

» more temptlng to speculate on the feas1b111ty of deepenlng the hole

to 1ntersect the magma reservoir supplying the surface act1v1ty of -

Kllauea Volcano, although it is not certaln that_ex1st1ng drilling

techniques would permit drilling under conditions of such high

‘itemperatures.A For the present at least, the core and geophy51ca1

logglng data from thls test hole prOV1de key 1nfbrmat1on Ain ref1n1ng

| our umderstandlng of strucutre and behav1or of Kllauea Volcano._

———— v —t
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CAPTIONS -

Flgure l.w'Index map showing'locations of drill hole in relatien to

?. maJor structural features of K1lauea ‘Volcano (from Zablock1 and -

.'_ others, 1974, Flg. 1).

F1gure 2, Schemat1c sectlon through Kllauea Volcano showrng the dr111

' site relative to the locatlon of a magma reservoir. 1nferred from

- ground-deformation and seismic data.

system shown above the magma reservoir diagrammatically illustra-

others, 1974 Fig..2).

The convective hydrothermal

tes the coﬂCéptﬁalfmodeI_prior'to'drilling (from Keller and

_ The approximate‘position of the water

_,table in the Kllauea summ1t area is estimated from drill-hole

' data and from surface re51st1V1ty surveys (Hawal1an Volcano

Observatory, unpub11shed data)

éFigure 3. Depth-temperature profrles for thé Kilauea drill hole.

Dashed curve links bottom-hole temperatures.measured between

drilling shifts (generally about 6 t0»8 hours after drilling

unless etherwise indicated):

readlng thermometers, dots, readlngs by thermistor probe.

c1rc1es, readlngs by maximum-

Solid

_curves are selected post-dr1111ng temperature proflles obtained

with cont1nuously recorded thermlstor probe (from Zablock1 and

others, 1974.

Figure 4, Geophysical borehole logs for three selected'seetibns of

the Kilauea drill hole (from Zablocki and others, 1974, Fig. 2).

For the cored intervals:

T.P.~thin pahoehoe‘flows, »

T.M.éthick, massive flows and/or sills;

St M Lt s e St ————e —— .o
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	An electromagnetic sounding survey by Jackson and Keller
	een zones of contr&seing resistivity at a depth
	dome beneath the southwestern edge of Kilauea caldera whose apex
	Jackson and Keller considered the possibility that the zone of low
	ofthe deformation data suggests that the reservoir complex is deeper
	than the 900-m apex of the resistivity boundary they concluded that
	core from the 600-1,262 m™interval
	calcite in minor amounts some vesicles and fracture surfaces contain
	4 I chlorite montmorillonite(?) a opal chalcedony and fluorite(?)
	I™
	amygdaloidal Although there is greater diversity of secondary

	‚I
	scopic and microscopic evidence suggests that the degree of
	alteration does not appear to increase progressively with depth

	of the rock
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