| [MO

., ‘7 g 4. o / | . L

, UNITED STATES(DEPARTMENT OF THE INTERIOR) A
| | GEOLOGICAL SURVEY: /Qﬂ ka’f.} - (.) i,
'A_/s_ 1/(/‘ »»e/t,eo\?]
AT

A deep research drill hole at Kilauea Vd]cene; Hawai i

'-_....”/ !
,J»v'f,-
| A
P - SR IN o
: By
i Charles J. Zablocki, 192%—
e Robert I. Tilling 1/ '
“Donald W. Peterson 2/
i Robert L. Christiansen 2/
- George V. Keller 3/
L u. S Geological Survey, Denver, Colorado 80225
,' f

Open-Flle Report 76~ 538
- 1976 -

f%%ASTER

This report is preliminary and has not been |
~edited or reviewed for’ conformlty with U S.
. -Geological Survey Standards

1/U.S. Geological Survey, Hawa11an Vo]cano Observatony, Hawaii
- +National Park, Hawaii 96718
2/Present address: U.S. Geological Survey, 345 M]ddlefle]d Road
" Menlo Park, CA 94025
alal
SO

- 3/Colorado School of Mines, Golden, Colorado 80401 OS
s , R .

DISTRIBUTION OF THIS DOCUMENT IS UNLIMIT

vy ey Sy o P (PRI TR S T AN 0 @y $ i T e 3e P L
¥ V7 * "

AT LT T WY T2

R O L




2 -“' A 1262—m—deep bore hole was dr111ed at the summlt of K11auea

3 Volcano, Hawa11, to test pred1ct1ons based on surface geophy51ca1 )
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f‘- surveys ‘and to obtain 1nfbrmat10n on the hydrothermal ‘regime above a
postulated magma reserv01r. Data from the dr1111ng and geophys1ca1
borehole logs tend to conflrm earlier pred1ct10ns that a- mound of
¥brack1sh or saline water 1s present above the 1nferred magma body.

Temperatures within the hydrothermal system are not suff1c1ent1y high

to 1nd1cate dep051ts of economic 1nterest ‘but the gradlent toward the.

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

1 f“'about 370°C per kilometer. The maxlmum.temperature, 1379C, is at the

12 hole bottom.
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INTRODUCTION

Nat1ona1 concern over an energy shortage has greatly enpanded
1nterest 1n geothermal power._ Commerc1a1 geothermal power plants
throughout the world are located in areas of recent 5111c1c volcanism, |
but the obv1ous supply of heat assoc1ated W1th Hawa11 s actlve |
basa1t1c volcanoes 1s attract1ve as a poss1b1e future source of power.i
Although Hawa11 s volcanoes are among the most thoroughly studzed in
the world, little is known about whether thelr subsurface temperature
reglme and hydrologlc and geolog1c condltlons are»favorable_for

geothermal depos1ts of economic potent1a1. Only drill holes can

-

, supply much of the necessary data. - o

The f1rst deep bore hole at the summlt of an actlve volcano was

-,drllled between Aprll 6 and July 9, 1973 at K1lauea Volcano, Hawa11, 3

with support from the Nat1ona1 Sc1ence Foundatxon. The hole, 1.1 km

south of Halemaumau Crater (19023 7' N, 155013 3* W; Fig. 1), was

'dr111ed 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

datum, 3 m above ground surface). Hole: bottom was 160 m below sea

'_; level. Although the dr111 hole is within the boundarles of Hawa11

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

?the National Park Service'permitted the drilling project as the hole

. . , T : : .
. was to be used for research only. This report reviews the rationale

i

~ for site selection and summarizes available data on core samples,

.., temperature measurements, and geophysical logging.
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'? o . '; . Figure 1 near here
3
. N fl Although it is one of the world's most active volcanoes, Kilauea

s- Vqlcand'sAeruptions‘are’uSuélly nonexplosive, and scientific studies
6 _geherally can be carried out safely at close rénge dufing all stages

I3 - " 1] - " - - N .l - - ‘ - - - d . '
7 jof activity., Kilauea exhibits high seismicity, mainly associated with ;

e |fault systems on its summit and rift zones and with movément of magma ,

—'.? Eatvdepth (Koyanagi and others, 1971 and 1972). Because Kilauea's
- 10~ basaltic lava is grossly uniform in chemical and mineralogic compositioh,l'
1 variations in its behavior can be interpreted more readily than is

"1z - possible for volcanoes of variable composition. For these reasons,
‘nJ 'w-_.‘Kiiauea'has been intensively studied and provides,'andfis'continuing !
12 to provide, a unique.field laboratory for carrying out investigations
1:- | that would not be feasible elsewhere. S :! .
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EXHELS
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' Measurements of se15m1c1ty, ground t11t elevatlon changes, and
horlzontal ground dlsplacements repeated regularly by the Hawa11an '
Volcano Observatory show that 1nf1at10n and deflatzon of K11auea‘s
summit area is generally centered in or near the southern part of the
caldera (Mogl, 1958' Eaton, 1962 F1ske and others, 1969 Kinoshita
and others, 1974) These centers of deformatlon are 1nterpreted to 1i
above a complex~magma reservoir system, When magma rises to f111 the
reservoir system, the increased pressure 1nf1ates the summlt area,
when magma drains rapldly from the reserv01r complex, espec1ally

during certain flank eruptions, internal.pressure is relieved and the

: volcano deflates; Analys1s of deformatlon during these 1nf1at10ns and

'fdeflatlons by e1ast1c models 1nd1cates that the magma reserv01r'
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- . system may be_about 2 to 4 km below Krlauea s summit region (Mogi,

' 1958; Eaton, 1962).
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An electromagnet1c soundlng survey by Jackson and Keller (1972)

def1ned a boundary between zones of contrast1ng re51st1v1ty at a depth _

're51st1v1ty of the upper zone 1s 10

-of 900 to 2000 meters below the summlt area of K1lauea. The :

to 30 ohmpm, that of the lower

- zone about 2 ohmfm. -The boundary has the form of a broad subsurface:

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

coincideS’approximately with an area in which'groond‘defbrmation is

frequently centered and one in whlch shallow caldera earthquakes are

oncentrated (Koyanag1 and Endo, 1971; Koyanagi and others, 1972).

Jackson and Keller considered the p0551b111ty that the zone of low  °

resistivity might be molten magma.

than the 900-m apex of the resistivity.boundary, they concluded that

However, because e1ast1c modellng

* of the deformation data suggests that the reservoir complex is deeper.

the low-resistivity zone was more likely to be saline groundwater '

domed into a hydrothermal convection cell driven by heat associated

with the underlying magma reservoir.
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: prlor to drilling. It was ant1c1pated that 1nformat10n from the drill

't1on, and physical propert1es near the 1nferred summit magma reservoir

. complex could be valuable in 1nterpret1ng volcanlc behav1or.. The,hole

-for the magma reservo1r and assoc1ated hydrothermal convect1on cell

‘ addition, drill-hole information on volcanic structure; rock compOsi-

Flgure 2 d1agrammat1cally deplcts the conflguratlon speculated

hole would prov1de a test of the pre-dr1111ng conceptual model (Flg. 2),
as well as other ideas. For example, is’ some of Kllauea's shallow
mcroearthquake act1v1ty related to movement of hydrothermal fluids
(see Ward, 1972)? Can the 1nformat1on'on subsurface temperatures and

ground-water compositions be applicable to geothermal research in

basaltic terranes elsewhere,'both'within andvoutside Hawaii? In

also would provide access for future subsurface studles at K11auea's.

summit, , R o SR

EUTO

Figure 2 near here
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DRILLING PROCEDURES AND OPERATIONS

A contract for drilling the Kilauea Research Drill Hole was

to _ R -
awardedAWater Resources International, a drilling company*located at

Honolhlu;‘Hawaii,_with'experience in driliihg water wells .in the

State owaawaii. After considering dr1111ng w1th a1r or with a

——- e gm AN M et e S— e et

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

dr1111ng mud because the company's experlence showed this drilling
procedﬁre was best suited for cdnditions'in Hawaii,
"The entlre drilling operatlon was ‘carried out "blind"; . that is,

f1u1d losses 1nto permeable zones made it 1mposs1ble to ma1nta1n a

: return clrculatlon 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 nearest water supply.w This water was
jcombined with approximately 400,000 kg- of bentonite clay to form a

' high-viscosity, low-density drilling mud,

———— - —— a— o
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; ﬁtho 20 meters of 9-cm (S.S-inch) core per runhwas selected on the

: cores had to be abandoned Only occa51onal cores were cut fbr a total

;of 29 core runs that recovered about 47 meters of core or about 3. 7

- ——— ¢ — . —— 41t +

Ahole, where increasing temperatures and denser rocks apparently

cshortened the_life_of the bit

great amount of time required for coring operations and poor diamond-

:ranged from as low as 1 meter per hour in the dense sections to as

It had been planned to recover coreifrOm most of’the intervalv;

drilled. - A heavy-wall coring barrel.with.a;capacity for‘recovering

basis of its’ successful use -on the Deep Sea Dr1111ng Program. Without |
mud c1rcu1at10n, however, 1t became necessary to change to a shorter
COring barrel with smaller outerrdiameter. Furthermore, "the diamond

bits lasted for an average of only seven meters of core drilled. The

b1t life, led to such h1gh cost that the plan to cut nearly complete

percent of the total hole depth (Table 1)

Table 1 near here

The- noncored 1ntervals were drilled w1th standard rock bits w1th
carblde :msets on the cutt:.ng edges ("button" b1ts), wh:.ch prov1ded

much more rapld penetration than the diamond bits. Dr1111ng rates

- high as 60 meters per hour in loose, porous zones, The penetration
: rate was recorded contxnuously during drilling, and subsequent
comparison of drilling rates with the porosity of recovered cores

: indicated a good correlat1on. Bit.life averaged 150 meters except for :
‘the last 160 meters of The :

L. 5. GOVERNMENT PRINTING OFFICE : 1972 O - 457- 084
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Tableig;

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

" + o Gore . e . o -
Core-/ - Depth’ . Recovered Percent 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)
3and 4 25.3 - 28,1 1.1 .1 R :
8 ~ 5and 6 28,1 - 31,3 2.2 70.5 34.4 (ash)
10 - 8 and 9 - 82,6 - 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 1 14 ) 3&-02 o 327-1 2.7 92.6
5 15 - 387.5- 3906 3.0 ~ - 980 .
6 - .16 419.1 - 422.1 3.0 -100.0..
7T . 17 456.6 - 459.6 3.0 1c0.0 . -
8 .18 489.,2 - .492,2 3.0 100.0 a
9 19 5204 - 524.4 . 3.0 100.0
15 A 596.9 - 599.9 3.0  100.0
23 B 23 705.8 - 708.7 - 1.6 53.7
26 _ 24 795.7 - 797.1: 0.2 -17.8
30 - 25 823.6 - 8267 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 2.9 971.9
Total 468

sRuns 1-14 used a 20-m=-capacity coring barrel; runs 15-29 a shorter coring barrel; 3—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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’? 1n3ected durlng squeez1ng had spread 1nto the rock near - the base of

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

: contlnued until the end of May. A down-1nterva1 of 6 hours per day |

A 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

: later grouted from the top when it was fbund that most of the cement

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

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

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

i Dr1111ng on -an 18 hour per day ba51s started on Apr1l 6 and

allowed the bottom-hole temperature to be measured Later, ‘the da11y h

down-1nterva1 was e11m1nated in favor of more eff1c1ent schedullng of
made only during 1nterrupt10ns,1n the dr1111ng. The nom1na1 d1ameter

had been reached, some problems with caV1ng were met. The hole was

then reamed to a d1ameter of 53 cm and a ca51ng of 35.6-cm dlameter

1nsta11ed This’ ca51ng was squeeze-cemented from the bottom, and

the borehole appeared to be stable, and novadditional casing was
needed. - | ‘. ?

| Driiling continued, with'minor'interruptiOnsbcaused by shortages
of supplies, sueh as mud, water,'and drilling pipe until July 9, when
a depth of 1262 m had been reached Because bit life had shortened to |
only 30 meters, it was thought that _bottom-hole temperature m1ght be

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

temperature,

U. 8. GOVERNMENT PRINTING 6F'HCE 13672 O - 457008
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“The attempt was largely unsuccessful. Only 13 of the 2.5-cm (1 1nch)

14

DESCRIPTIONS OF CORE SAMPLES

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

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

bwere chosen to sample a'variety of physical properties indicated by

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

cor1ng plugs fired by exp1051ve charges recovered 1n-51tu mater1a1
(Table 1)°-, |

Systematic petrograph1c and chem1ca1 stud1es of the cores are

;&-Fpendlng. Although the sampllng is undoubtedly biased toward the more

7

18

19

z0-

16

ot ot o, | bt © 428 o et s

. competent rocks, some generallzat1ons can be made from megascopic
observations of the ava1lab1e core. The ent1re 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 — A —————, -
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! " The uppermost 300 m appears t§,bé composed mainly of thin
2 pahoehpé f;bws charactérized iather“unifbrmly,bf.about'20;45 voluﬁe-’
3 pgxéent vesicles and a few phenociyétsiﬂﬁuost of thé.:ocks_haveiless
* I'than 2 percent olivine phenocrysts; a few samples contain as much as
s-| 5 percent olivine, aﬁd.evenjfewer_contaip 10 percent plagioclase
¢ ' | phenocrysts. In general, the core recovered iS‘muchyliké thé-exposed
7 prehistoric lavas of the Puna Volcanic Series in the wall of Kilauea -
.8‘ caldera (StearnS‘and-Macdonéld; 1946, p. 193).
9 o ; ’ V
10- !
‘u 'E i
14
15—
0
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1 . The szde-wall-corlng attempts were made in the upper 300 m of the
2 hole at depths chosen on the bas1s of geophy51cal log propert1es'
3 that mlght represent ash zones: -large hole size where-drllllng had -

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

8- apparent bulk den51ty.' The ground surface at the dr111 51te is under-

€ 1a1n by about 9m of unconsolldated to weakly 1ndurated ash and .

7 -volcan1c rubble. A plug was recovered from the surface ash at 11 m

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

!obtalned from a 2 5-m th1ck zone at depth of 34 m cons1sts of -

°0

10- f1ne- to medlum-gralned ash. . Its thlckness and depth suggest that it

i1 }could be the Uwekahuna Ash a un1t found low on the northwest caldera

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

13 ;sampled at a depth of 178 m, It 1s”tempting to correlate this zone

14 ;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 ;hole. If this correlation is va11d-‘the lavas under1y1ng thls ash

17 -iin the drill hole would be expected to correlate with the Hilina

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

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

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

i
1

i1 representing crushed pahoehoe crusts.

22

23

24
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| most commonly aphyrlc, nearly holocrystalllne, and conta1n slightly

i than 1 mm in diameter to varieties in which vesicles as large as 3 cm |

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

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

- ——— n 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 ve51cular1ty of samples is hlghlyg

varied, ranging fromvdense rock with only a few percent vesicles less

1 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

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

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

[
i

.;above or below. Some . of the core runs, most notably numbers 17 and 19-
yield eontinuohs sol1d core 2 min length. A1l runs in this interval ;
i-were_characteriied by core.recovery not less than 92 percent; ;The

average drilling rate forlthis intervallwas slower than that for'the_

f1rst 300 m.

Of partlcular signlflcance is the first appearance at 488 m of

X e -

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

!
. |
fluid level in the hole is at about the same depth, 488 m, "The first .

, from geophysical logging discussed below indicate:that the standing

occurrence of zeolites at this level is consistent with this fluid

level representing the 10cal water table. - Diverse crystal habits

‘suggest that several zeol1tes are present but these minerals have

“Lnot_yet.. been.. studled_ln_detall- - | B

U, §, GOVERNMENT PRINTING OFFICE : 1972 O - 357-084
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. Although less thah 2 percent of the bottom half of the'hole

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

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

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

scop1ca11y d1st1ngu15hab1e phenocrysts. The bottom half of the hole
seems to be composed of alternat1ng th1ck and th1n flows, 1nc1ud1ng i
at least some aa. Core Tun 27, for example, recovered ma1n1y rubbly
materlal of the top or bottom of an aa flow.

. The densest-appearrng rocks recovered were in the bottom half

0-: these-f1ne-gra1ned essentlally nonve51cu1ar rocks may represent

ch111ed zones of 51115 or th1ck flows. - Perhaps’ colncidentally, the N

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

ves1cular and the only one from below present sea level wh1ch is

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

obv1ous petrographlc or other features typ1ca1 of submarlne lavas, we

:cannot ent1re1y dlsmlss the p0551b111ty that thlS dense rock was

4

quenched under relatively hlgh hydrostat1c pressure Wlth little’

'attendant_dega551ng.

vt — &
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The core from the 600 1,262 m 1nterva1 contains. a greater var1ety

)

2 of secondary m1nerals than hlgher cores; In addition to zeolltes and
3 ca1c1te in mlnor amounts, some ve51c1es and fracture surfaces conta1n
4 ' hlorlte, montmor1110n1te(?), opal chalcedony(?), and fluorlte(?)

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

\ ' ¢ amygdaloidal. ‘Although there is greater diversity of secondary

7 ‘ mlnerals in rocks from the bottom half of the hole, available macro- .
S

¢ ! scopic and microscopic ev1dence-suggests that the degree of

s alteration does not appear to increase progreSSively with depth.

ulo-f Rather, the extent of alteration in 1nd1V1dua1 samples appears to be

5‘_’lvlarge1y determined by the or1g1na1 febrlc, ve51cu1ar1ty, and fractur1ng'

i

12 of the rock.

IETETR S R ;
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-ihour. Coincidence~of readlngs on a majority of the thermometers

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

16

o

RS T T

19

- 20—

: durlng the course of the dr1111ng, whenever operatlons were 1nterrupted}‘
1 for a few hours so that the bottom—hole temperature could stabilize. |

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

" TEMPERATURE MEASUREMENTS
Temperature measﬁrements made both ﬁuring‘and.after drilling are
essent1a1 in evaluatlng the p0551b1e presence of a hydrothermal

systen., Bottom-hole temperature measurements were made frequently

i
1

|
i
L
ﬁ

attached to a short length of dr111 plpe 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. Figure 3 summarizes

some of the temprature measurements made during and after drilllng.

U. 8. GOVERNMENT PRINTING OFFICE : 1972 O - 457- 084
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‘The temperature profile obtained in thé'Kiiéuea.reseatch-drill 3
| hole, 1like ’tho's“e'of many hydrothemal”tsystems;"‘iS complex. The

prominent featurés are:

(1) An essentially isﬁthérmallinterval Béfﬁeeu the_surfate and
| 488 m depfh;l 8 | o
(2) A rapid rise in femperature between 488 m and 732 m;
(3) A decline in iempératUre betﬁeén 732 m and 976 m; .
- (4) An increasingly stéep rise in femperatﬁré betweeh 976 m

_ and'the_bqttoﬁ of the hole, 1262 m. .

- e £+ e 44 it s S+ o=t =
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' borehole durrng dr1111ng (4 500 000 11ters at a temperature of 16 to g

H
!

% amount of thermal dlsturbance that mlght be expected from the quant1ty

i
.

’ of dr1111ng mud 1nJected it 1s noteworthy that all 1ntervals of

, 'recovery.

_August>23; using the thermistor probe}'four_are shown in Figure 3.

| These temperature profiles show how the_in-hole temperature changed as

l
[
i
!
! .
i
!
l

The large amounts of water 1n3ected into the rock around the

20°C) could poss1b1y lead to long—term dlsturbance of the natural
temperature proflle, partlcularly 1f some 1ntervals accepted 51gn1f1-
cantly more of the dr1111ng f1u1d than other 1ntervals.l Twelve

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

the thermal disturbance due to drilling dissipated In view of the

S804 Sa et e nd e e m——————

the borehole appear to have approached close to equ111br1um temperatures g

by the time of the f1na1 temperature measurement. thrapolatlon of

the curves of bottom-hole temperature with time 1nd1cate that the

bottom-hole temperature will not exceed 140°¢ w1th complete thermal

Figure Slnear,here .

U. S. GOVERNMENT PRINTING OFFICE : 1872 O - 457- 044
82ty

20




16

T as

1 o Temperature measurements made in a 51ng1e dr111 hole do not

2 prov1de a unlque determlnatlon of the heat flow in the v1c1n1ty of

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

4 determlned These temperature data do place 11m1ts on the amounts of
5- poss1b1e heatﬂflow. For example, the p0551b111ty that the temperature
6 prof11es shown in Flgure 3 are the. result of steady-state flow without

7 convectlon is sl1ght. Reversals and rap1d changes in grad1ent almost

8 icertainly'require convective transfer of_heat or transient conductive
s %transfer. |

}6-§ A ninimum estimatebof the steady-state heat flow can be obtained
Q, :;if the thermaliconductivity of the rock_is'known ouer'intervals.of |

12 maximum - thermal gradient.. The thermal gradient at the bottom of the

_” "hole is 0.37°C/m. Measurements of thermal conductivity have not yet

-1 - been made on core samples, but assuming a reasonable value for the

thermal conduct1v1ty of porous basalt conduct1ve heat flow would be
about 25 microcalories per square centlmeter per second Similar high
7 rates of heat flow could be computed.for the{top and bottom:of the_'

zone between 488 and ‘707 m'depth ‘The true heat flow may-actually

Ry i be h1gher if the transfer is in part convectlve, or if the flow is not

20"Eentu‘ely 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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rock. Superimposed on thesé abrﬁpt changes are less obvious changes

11
12

‘FJ RO £

14

16

17
‘18

1¢

&0~

1°“151gn1f1cant1y lower below that depth (Flg. 4) ‘The 488-m level is

'the lowest. level to wh1ch the f1u1d in the borehole has dropped and

j(Flg. 4).

i
15f i

“In thlS brlef report, only certaln sa11ent features of the logs
are dlscussed Flgure 4 contalns three 92 meter (300 ft) sectlons of
the well logsvfor zones where.s1gn1£rcant changes in the averagev__'
veluee-of'physical,properties ot the rocksvare believed to;take’place.
In_moet loge,'the parametere ehow large'Variations‘in veluedwithin

short intervals, suggesting distinct'changes‘in4the character of .the

in the average values.

Recorded resistivities are high in the section above 488 m and

probably is the local water table. Progress1ve1y lower average ,

reszst1v1t1es with depth are noted in the three 1ntervals shown

) U S, COVERI\) ENT PRINTING OFPlct 19712 0 - 4..1-034
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9

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

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

11mestone 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 studying the degree of water saturation in the section above’

-1 the waterztabie. When Cross correlated w1th the den51ty and sonic

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

16
17 .
18
1%

20—

logs, values for 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

‘ lson1c interval transit time does not show_one-to-one correlatlon with -

the porosity log (Fig. 4).

L
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Teble 2. Geophféiéai 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 Weéll Surveying Corp. For descrip-
-tion and information on Schlumberger logs, see Schlumberger
Manual (1972) or Pirson (1963). .

Type ‘of ‘Log

| Sidewall neutron porosity

' Sidewall neutron porosity

Sidewall’neutron'porosity
Sidewall neutron potosity

'Inductibn—electrical log-gamma ray
Induction-electrical log-gamma ray -

- Induction~electrical log-gamma ray

-

Gamma-gamma density

. Gamma-gamma density

Gamma—-gamma density
Boréholevcompenséted sonic -

Full waveform display sonic .

Magnetic susceptibility

Vertical magnetic field intenéity

‘‘Daté Run ‘Logged Interval ‘(m)

4/16/73 - p =322
- 4120/73 0 ~ 322
6/3/73 - = 315 - 936
7/9/73 884 - 1248
4/20/73 0 -322
6/3/73 0314 - 936
7/9/73 | 458 — 1247
4l16/73 0-322
- &/20/73 0 - 322
6/3/73° 313 - 936
779173 884 — 1244
A
6/3/13 315- 934
6/3/73. 314 - 933
6/20/73 314 - 1128
6/20/73 314 - 1128
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,%The lack of a one-to-one correspondence between the vertical magnetic

t sections of the hole, indicate that these rocks ‘exhibit large
. . R

S -apqsev W

- The magnetlc suscept1b111ty log reflects the dlstrlbutlon of
ferromagnet1c mlnerals, in these rocks pr1mar11y magnetlte. The

average magnetlc suscept1b111ty of the sectlon between 488—518 m is

more than three tlmes that of most of the other. sectlons logged The

vert1ca1 magnetrc f1e1d 1nten51t1es 1n thls 1nterva1 also are large.

‘ field'ihtensity log and the hagnetic:susceptibility log, noted in many

3varlat10ns in the ratlo of remanent to 1nduced magnet12at1on. A

i - A key obJect1ve of the logg1ng program was to ‘determine the

——— e e - o

:varlatlon in the sa11n1ty of the pore waters w1th depth in the hole.
The ba51s for such a determlnatlon rests on an emp1r1ca1 relat1on
‘between the re51st1v1ty of a rock, /9 and the res1st1v1ty of the -

contained water, A, which in turn.ls a functlon of the concentration
B i .
[ |

and mob111ty of the dlssolved salts (Plrson, 1963)
1

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

. S e . e e ——— et -

'por051ty) and a and n are empirically determlned parameters that ‘depend.

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

| pnte 7o typeselles; rianJ\u'ﬁu»b&ubq; -*W?‘w“5““%5T
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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.

U. S. GOVERNMENT i‘RXNTlNG OFFICE : 1872 O - 457-084
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' ‘ o S DISCUSSION OF THE RESULTS
2 - " Even though a great deal. remains to be done in detailed
3. deecrlpt1ons of the recovered core mater1a1 and 1nterpretat10n of
:4_'. the various borehole logglng surveys; a number of results are apparent.

'5-' On the one hand, it is highly gratlfylng that the 1nfbrmat10n

€ obtalned from the borehole appears'generally to substantiate the

- é models derlved from the various geophysical surveys carrled out around
8‘ ; the summit of Kllauea Volcano. On the other hand, it is clear that !
i ; the temperatures encountered in the borehole~a:e not high enough for .|
m4i an econonically viable”geothermal1reserveif,»efenifproduction of !

o ?’geothermal.energy-ﬁere nermitted, I |

14 . L . B ) - - i . . , . . ‘v '
. v
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13

14

'result of a hydrothermal convectlon cell Cr1t1ca1 ev1dence is the

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

,between salt water and fresh water is sl1ght, elevatlon of the fresh-
f water table is one or two meters for each k110meter dlstance from the'

»shore 11ne. Then, the h1gher elevatlon of the water table only 13
L one possible model, the water table is postulated to be locally

3
: upllfted by thermal drive above a magma reservoir in a zone of

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

- that are not necessarlly related to or caused by a magma reservoir at

The temperatures encountered -can be explained e1ther 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

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

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

'~exclusiye, and other models may be postulated. With data available, = i

it is not possible to determine uniquely the nature and cause(s) of
the apparently 1mpermeab1e zone(s) required to maintain the high-level !’
water tablg_;n_thp vicinity of the drillhole.

‘U, s, G{)VER‘JME\T PRUTTING OFFICE © 1972 O - 457-083
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| than that measured w1th the 1nduct1on dev1ce (Flg. 4).

Permeabilities measured on plugs from the core samples obtained

are very low. The samples doubtless. are b1ased toward competent and

1mpermeab1e unlts. However, the re51st1v1ty logs y1e1d 1nfbrmat10n

about the in-situ permeablllty of the penetrated rocks. The re51st1-
V1ty measured W1th ‘the short-normal dev1ce 1s con51derab1y larger
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 By mud filttate. "In most

permeability of the rock and;trapping the thermal waters in a

i sections of the hole\belew the water«table; the amount of departure

between the two resistivity logs‘éraaually diﬁiniéhes with depth,

o imﬁlying"a.corresponding decrease in petmeabiiity;

The general reduction in permeability toward the hole bottom is

- . of considerable importance in evaluatihg'the geothermal potential of

i
i

; the volcanic edifice. If all the lavas were as permeable as the lavas

zabove the water table, heated groundwater would move quickly through
. the rock, remov1ng the heat from a magma reserv01r ‘too qu1ck1y for the
temperatures requ;red fet an econom;cally-v1able system to buald up.
iAlteratien in the lavas below the waterktable may represent the action

of the se1f—sea11ng believed to take place in geothermal reserv01rs,

that is migrating thermal water causes alteration, reduc1ng the

reservoir in which the temperature can build up te economic levels.
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Con51der1ng ‘the steep temperature gradlent at the bottom of the

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

,the hole were deepened It is p0551b1e that temperatures suitable

for productlon-of h1gh-energy»steam_m1ght be eneountered.‘ It is even
more tempting to:speculate,oh the feesibility of deepening the hole

to intersect the magma Teservoir supplying the surface activity of

Kilauea Volcano, although it ispnot certain that existing drilling

techniques would pefmit drilling under conditions of such high

temperatures. For the present at least, the core and geophysical

logging data from‘thisytest hole provide key information in refining

gdur understanding of strucutre and behavior of Kilauea Volcano.

15—
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CAPTIONS -

Flgure 1.J'Index map showing'locatious of drill holé in relatibn to

maJor structural features of. K11auea Volcano (from Zablocki and-

_ others, 1974, Flg. 1).

F1gure 2, Schematlc sectlon through Kllauea Volcano show1ng the drill

" éite relative to the locat1on of a

- ground-deformation and seismic dgta. The convective hydrothermal
systeﬁ'shpwn aﬁove'lhe magma reservoir diagrammatically illustra-
tes the concéptﬁalfmodel,pfior'to drilling (from Keller and i
others, 1974, Fig..2). The appfoximate‘pQSition of the water ;

_ table in the Kilaueé summitvarea ié éstimaﬁed from drill-hole |

' data and from surface resistivity surveys (Hawaiian Volcano

Observatory, unpubllshed data)

;Figure 3. Depth-temperature proflles for the Kllauea drill hole.

Dashed curve links bottom—hole temperatures measured between

drilling shifts (generally about 6

unless otherw1se 1nd1cated) c1rc1es, readings by maximum-
readxng thermometers; dots, readings by thermistor probe. Solid
_curves are selected post-drilling temperature profiles obtained

with continuously recorded thermistor probe (from Zablocki and

others, 1974.

Figure 4. Geophysical borehole logs for three selected'seqtibns of
the Kilauea drill hole (from Zablocki ahd others, 1974, Fig. 2);

For the cored intervals: T.M.éthick, massive flows and/or sills;

magma’ reserv01r.1nfbrred from

to 8 hours after drilling

S L e — L+ — = 2 5 2 14« oems At w b A . Surh ot ——— o - b .

T.P.~thin pahoehoe‘flows.
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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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