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ABSTRACT 

In 1959 Kilauea Iki erupted leaving a 110 to 120 m lake of molten lava in 
its crater. 
to study the cooling dynamics of a molten body and its associated hydro- 
thermal system. Field measurements taken at Kilauea Iki indicate that the 
hydrothermal system above the cooling magma body goes through sdveral stages, 
some of which are well modeled analytically. 
that during most of the solidification period of the lake!, coolin& from abov,.:. 
is controlled by 2-phase convection while conduction dosinates the coolin, 
of the lake from below. In this report!, a summary of the field work related 
to the study of the cooling dynamics of Kilauea Iki is presented. Quanti- 
tative and qualitative cooling models for the lake are discussed. 

The resulting lava lake has provided a unique opportunity 

Field measurements also indicdt.. 
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agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
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THE COOLING OF KILAUEA I K I  LAVA LAKE 

1.0 I n t r o d u c t i o n  

The DOE-funded Sandia Magma Energy Research P r o j e c t  w a s  i n i t i a t e d  

t o  s tudy  t h e  s c i e n t i f i c  f e a s i b i l i t y  of e x t r a c t i n g  energy d i r e c t l y  from 

b u r i e d  magma sources .  The p r o j e c t  is d iv ided  i n t o  f i v e  main t a s k s ;  

(1) Source Loca t ion  and D e f i n i t i o n ,  ( 2 )  Source Tapping, (3) Magma Charac- 

t e r i z a t i o n ,  (4) Material C o m p a t i b i l i t y ,  and (5 )  Energy E x t r a c t i o n .  

A s  p a r t  of t h e  Source Loca t ion  and D e f i n i t i o n  t a s k ,  t h e  Magma Energy 

Research P r o j e c t  has  been s tudy ing  t h e  sha l low bur i ed  molten b a s a l t  

body a t  Ki lauea  I k i  l a v a  l a k e .  

series of e r u p t i o n s  from t h e  southwest w a l l  of Kilauea I k i  l e f t  approxi -  

m a t e l y  40 x 10' m of new l a v a  i n  t h e  crater .  A f t e r  t h e  1959 

e r u p t i o n ,  t h e  l e v e l  of t h e  l a k e  s tood  110 t o  120 m above t h e  o r i g i n a l  

f l o o r .  

The l a v a  l a k e  was formed i n  1959 when a 

The Ki lauea  I k i  l a v a  l a k e  p rov ides  a unique o p p o r t u n i t y  t o  s t u d y  t h e  

c o o l i n g  dynamics of a " l i v e "  magma body. Th i s  l a k e  h a s  been t h e  s u b j e c t  

of s t u d y  by t h e  United S t a t e s  Geo log ica l  Survey (USbd) s i n c e  1959. With 

t h e  c r e a t i o n  of t h e  Magma Energy Research P r o j e c t  i n  1975, Sandia  Labora- 

t o r i e s  (SL) h a s  been s tudy ing  t h e  l a k e  i n  con junc t ion  wi th  t h e  USbd. The  

main emphasis of  t h e  j o i n t  USGS/Sandia e f f o r t  has been t o  e v a l u a t e  t h e  

e f f e c t i v e n e s s  of v a r i o u s  geophys ica l  t echn iques  i n  d e f i n i n g  a "known" 

magma body. One of t h e  t echn iques  used t o  c h a r a c t e r i z e  t h e  Ki lauea  I k i  

magma body is t o  measure t empera tu res  i n  bo reho les  t h a t  are d r i l l e d  d i r e c t l y  

i n t o  t h e  magma body. The r e s u l t i n g  tempera ture  p r o f i l e s  a l s o  provide  

a cross-check on many of t h e  s u r f a c e  geophys ica l  t echn iques  t e s t e d  a t  
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Kilauea Iki. In this report, a survey of the temperature measurements 

at Kilauea Iki is presented. 

the cooling of the lava lake are discussed. 

Qualitative and quantitative models for 

2.0 Temperature Measurements 

2.1 The Boreholes 

Illustrated in Figure 2.1 are the locations of the boreholes used by 

the USGS and SNL to measure temperature profiles in the Kilauea Iki lava 

lake. 

radial from the center of the lake. A list of the boreholes used for 

temperature measurements at Kilauea Iki is presented in Table 2.1 along 

with the pertinent facts concerning the boreholes, such as geometry, 

dates of drilling and temperature measurements, and whether melt was 

encountered. A s  the table illustrates, over 90 temperature distributions 

have been measured in 21 holes. 

A s  the figure indicates, most boreholes are located on a northerly 

2.2 The Temperature Probes 

Most of the early temperature measurements (Richter and Moore, 1966) 

were made with 310 stainless-steel sheathed chromel-alumel thermocouples 

and a slide-wire potentiometer. 

accuracy of 0.5% at 500°C and 1% at 1000°C for the thermocouple measure- 

ments. 

with incandescent filament-type optical pyrometers. 

(holes 1 and 2), the pyrometers were found to be within a 5°C agreement 

of the temperatures obtained by the chromel-alumel thermocouples. 

deeper holes (the redrilled hole 2, and hole 3 ) ,  a 10°C variation was 

was observed. 

Laboratory calibrations indicated an 

When conditions permitted, bottomhole temperatures were measured 

For the shallow holes 

In the 

2 



MAGMA ENERGY RESEARCH PROJECT 

K I L A U E A  IKI LAVA LAKE LAKE DRILLHOLES 

o o m u  HOLES 

w 

F i g u r e  2 . 1  K i l a u e a  I k i  Lava Lake  B o r e h o l e  L o c a t i o n s  



Dr ill iry 
Isle No.  Agency 

Date Diameter, 
Dr i l led  c m  

4-5/60 
8/24/60 

4/13/61 
10/4/6 1 

5-6/62 

12/6/62 

3/6 7 

5-7/67 

10/67 

2-3/7 5 

2.d6 
3.02 

3.02 
3.02 

3.02 

3.02 

7.6 

7.6 

7.6 

7.6 

Greatest 
Deptti, Dates E P t h  

m bleasureil r4easured, ri Comen t s 

3.9 
6.9 

9 03 
10.7 

12.8 

13.3 

25.9 

25.9 

26.5 

44.0 

5/16/60 
9/8/60 

19/2/61 
1O/5/6 1 

6/21/62 

3/d/6 7 
4/20/6 7 
8/15/67 
9/22/6 7 
7/2/68 

8/15/67 
9/22/6 7 
7/5/68 

10/4/6 7 

6/5/75 
6/6/7 5 
7/22/7 5 
1/19/7 8 
12/4/7 8 

3.9 
6.8 

11.9 

12.6 

24.3 
24.6 
23.7 
23.7 
24.3 

26.9 
26.3 
25.9 

23.8 

40.2 
40.2 
40.2 

6.4 
33.5 

Hole 1 redrilled, inelt encount- 
ered a t  6.3 in during d r i l l i n g  

Melt encountered a t  3.1 ix 
Hole redrilled, melt encount- 
ered a t  10.7 in, stainless steel/ 
ceramic probe forced 1.2 in 
i n t o  inelt.  

i & l t  encountered a t  12.7 in 

Melt e n c o u n t e r a  a t 1 3 . 3  m 

blelt encountered a t  25.3 m 

i4e l t  encountered a t  25.9 in 

i d e l t  encountered a t  26.5 m 

iqelt encountered a t  44.2 in 



TMLE 2.1 Teqxrature Aeasuranents (cont 'd )  

Dr i l l i ng  Date Diaxeter , Depth, Dates 
Hole No. Agency Dr i l led  an In ;Vieasur& 

SL/HVO 52.4 12/10/78 
12/18/78 
12/20/7 8 
12/22/78 
12/26/7 8 
12/28/7 8 
12/29/78 
1/26/7 9 
3/12/80 
3/13/80 
4/5/t3d 

Zr eates t 
=Pth 

Measured, In Comnen t s 

51.8 Hole r e d r i l l e d  to 52.4 lil 

50.5 Hole cased w i t i i  SS-31b 
50.5 
50.3 
49.8 
49.8 
41.1 

40 .4 obs t ruc t ion  cleared 
40.3 

4.1 &le D b C K e d  

75-2 121 dJO 2-3/75 7.6 42.5 3/27/75 39.2 i4elt encounterea a t  4L.5 ;n 
5/6/75 39.2 
4/12/78 3.0 Hole blocked 

75-3 1.4 3m 2-3/75 7.6 44.1 4/9/75 44 .i) i 4 e l t  encountered a t  44.1 111 
5/10/7 5 35.8 
4/12/78 17.9 ible block& 

76-112] SL/Hm 8/76 7/6 45.5 li)/14/76 
11/19/76 
12/20/'76 
4/12/7 8 

12/5/7 i3 
12/6/7 8 
12/7/7 8 
12/8/7d 
12/3/7 d 
i/5/7 3 
3/17/73 
j./i -/&I 7 

1 3 2 1  

i2/4/7a 

35.6 rlelt encountered a t  45.5 in 
41.9 
41.8 
39.6 
39.6 
39 .ii 
33.6 
39.6 
33.5 
G .1 

38.3 
41.6 
37.5 
37.6 



Greatest 
Dr i l l i ng  mte D i a m e t e r ,  &j+h, mtes Df=?th 

m Measured ivIeasured, m C0,ninen t s Hole do. kqency D r i l l e d  cm 

76-2 c21 3L/HVD 8-9/76 7.6 45.7 10/14/76 
11/19/76 
12/2 0/7 6 
3/17/79 
4/5/80 

7 9 d 3 ]  SL/HKI 12/79 9.6 61.7 12/22/78 
12/24/7 8 
12/2 9/7 8 
12/31/78 
1/6/73 
1/24/7 9 
2/12/79 
2/13/7 9 
7/24/79 
7/26/7 9 
3/11/80 
4/5/80 

79-2[31 3L/HVD 12/79 - 9.6 50.5 3/16/79 

3/13/80 

79-3[31 SL/HKl 1/79 9.6 51.8 1/26/79 

1/80 

4/5/80 

2/13/7 9 
2/14/7 5 
3/16/79 
5/23/79 
7/24/7 9 
3/13/80 , 

4/5/80 

41.5 
41.4 
41.5 
38.1 
24.3 

ilelt encountered a t  45.7 m 

61.4 

51.8 
51.6 
50.7 
48.8 
50.0 
54.3 
52.4 
52.5 
43.3 
48.9 

i d e l t  encounter& a t  5~ in''] 
48.8 

48.7 Hole collapsed ni j i i t  a f t e r  

39.1 
2.6 

dr i l l ing 

Hole obstructed a t  2.6 m 

45.4 i4elt encountered a t  52.6 m, 
melt flowed uphole leaving 
51.8 m open 

48.5 

48.7 
48.8 
48.5 
39.1 

48.5 

8.7 HcAe obstructed 



. .  

2.1 Temperature Measurements (cont'il) 

Greatest 
Dr i l l i ng  Date D i a m e t e r ,  Depth, Dates 

Measured MeasuTed, m Comments Hale No.  Agency D r i l l e d  cm m 

79-4131 SrJrmO 1/79 9.6 51.2 

79-5 [31 S L / m  2/79 9.6 104.2 

79-6[31 SL/€ND 2/79 9.6 

81-1[41 SL/Hv0 4/81 6 .O 

81-2[41 W H v O  4/81 7.6 

81-3[41 SL/I€O 4/81 6 .O 

58.5 

93.6 

71.9 

1/26/79 

3/12/80 
2/8/79 

2/15/79 
2/37/79 
3/16/7 9 
4/26/79 
5/23/79 
7/24/79 
7/26/7 9 
3/10/80 
4/4/80 
4/6/8 1 
3/16/79 

3/11/80 

4/29/8 1 

5/1/8 1 

5/1/8 1 

4/29/81 

34.7 

38.5 
92.7 

99 07 
99 07 
98.5 
98.1 
98.5 
38 .O 

97.3 
97.5 
97.1 
42.9 

9a.o 

42.8 

37.2 

58.8 

61.5 

46.5 

Melt encountered a t  54.8 m, 
melt flowed uphole leaving 51.2 m 
open, Hole cased witn SS-316 
i n  lower 12.2 m and carbon 
steel casing to surface.  

Hole on margin of molten lens, 
did not encounter Anelt. 

c4elt encountered a t  58.5 m, 
melt flowed uphole leaving 45.7 in 
open 

Chstruction encountered i n  3/4" 
SS-310 casing. 
Usecl smaller dia.  prom, 
o m  t r  uc t ion encountered . 
Cased down t o  67.1 in witn BVJ 
casing,  or>struction encountered 
a t  61.5 in. 
aos t ruc t ion  encoun t s rd  i n  3/4" 
SS-310 casing 

[l] Richt2r and bloore, 1966 
[2] Colp an3 Qkamura, 1978 

[4] Dunn ,  1381 
4 [31  COQ, 1980 



A s  experience was gained, changes were made in the temperature 

measuring apparatus that lead to quicker measurements with less chance for 

human error. For example, later measurements were made with either a Comark 

electronic thermometer with a sweep needle indicator or a Doric Trendicator 

with a digital readout. Both of these instruments indicate temperature 

directly. 



Further improvements to the thermocouple probe were made by Colp 

and Striker (Colp and Striker, 1980) during the winter of 1978. 

distance below the surface was indicated by strips of equally spaced metallic 

tape attached directly to the thermocouple sheathing. Unfortunately, the 

high temperature encountered in the boreholes led to failure of the tape's 

adhesive. In the most recent experiments, the depth of measurement was 

determined by an Olympic wire length meter. 

assembly through which the sheathed thermocouple is passed. 

indicator on the assembly reads out the length of the wire passed through 

the roller assembly to the nearest 3 cm (1 inch). Laboratory experiments 

indicate that the error in measuring a stainless steel sheathed thermocouple 

lead at a uniform temperature is less than 5 cm over 100 m. Errors introduced 

Originally, 

The meter consists of a roller 

A digital 

due to thermal expansion of the lead at the elevated temperatures led 

to much more serious errors. For example, in a hole 100 m deep with an 

average temperature of 5 O O 0 C ,  the error will be approximately 60 cm. 

a theoretical correction for thermal expansion is possible, no corrections 

have been applied to the measurements discussed here. 

Although 

A second design refinement (Colp and Striker, 1980) was the development of 

a stainless steel probe assembly (see Figure 2.2) ,  which weighs approximately 

1 kg, and is designed to protect the thermocouple tip with a minimum of 

thermal mass. 

by a perforated pipe. 

the latest probe stabilizes to within the noise level of the measurement 

(+ - 1°C) within 1 minute when the probe was allowed to equilibrate 

every 3 me 

The previous probe consisted of a thermal couple surrounded 

Field measurements at Kilauea Iki indicate that 

In addition to cable length and temperature measurement errors, dis- 

crepancies between measured temperature and true formation temperature exist 

9 



I 

1 

I 

I 

FIGURE 2 I 2 TEMPERATURE PROIGE 



due to the effects of steam flowing uphole. Since these errors involvc. tht .  

cooling dynamics of the formation and not instrument error, they will be  d l : : '  

cussed in the following sections. 

3.0 Cooling Models for Kilauea Iki Lava Lake 

A s  the contents of Table 2.1 illustrate, over 90 borehole temperature 

profiles have been recorded for Kilauea Iki lava lake. In this report, 

only those profiles that contribute significantly to the interpretation 

of cooling models will be presented. The following discussion is 

divided into several sections. The first section reviews thermal crack 

propagation which significantly affects hydrothermal circulation. 

next sections discuss the cooling dynamics of the region over the 

center of the molten body, in the margins, and in the region below the 

molten body respectively. A s  the discussion will show, knowledge 

of the cooling dynamics of the Kilauea Iki lava lake is the highest 

for the region over the center of the body, and the lowest for the 

margins of the body. 

The 

3.1 Thermal Fracturing 

Laboratory experiments by Dunn (Colp 1979) determined that the permea- 

ability of a 6.35 cm dia., 11.4 cm long competent core sample taken from L l t c  

Kilauea Iki 76-2 hole at a depth of 37.8 m was 0.005 Darcy. 

experiments by Dunn (Colp, 1979) show that the effective permeability 

of Kilauea Iki basalt can range from 0.092 Darcy to 0.3 Darcy. 

of the complete set of core samples indicates that the higher field 

permeability was due to fractures in the rock. 

the fractures on hydrothermal convection cannot be overemphasized. 

In-situ 

Inspection 

The importance of 

1 1  



Ryan (1979) has studied the propagation of thermally induced fractures 

in Hawaiian type basalt. 

as follows: A s  the molten basalt solidifies and cools to some critical 

temperature, elastic stresses build up. At a critical temperature, which 

depends on the modal mineralogy, cooling rate, and volume fraction of 

glass, a crack forms which propagates toward the high temperature zone. 

The propagation halts when it reaches a temperature where viscous flow 

can occur in the intercrystalline glass. This cycle repeats as the body 

cools. 

Pots of Hawaii, the upper and lower temperature are approximately 725°C 

and 675OC. 

Ryan's scenario for thermal crack propagation is 

For example, Ryan suggests that for the basalt of the Boiling 

The existence of thermally induced cracks can increase the hydro- 

thermal cooling rate of magma bodies. 

sections, the cracks can have differing effects on the rate of cooling 

depending on their location relative to the magma body. 

As discussed in the following 

3.2 Heat Transfer Over the Center of the Molten Body 

Since the 1959 eruption, the Kilauea Iki lava lake has been solidi- 

fying at a rate that depends on the thermal mechanisms present during 

the various stages of cooling. 

the center of the molten body during its early stages of cooling 

is given by Hardee (1980) who also presents a quantitative model for 

one of these stages. 

A review of the cooling history over 

I 

The rate of movement of the upper solidification front during the 

early cooling is illustrated in Figure 3.1. 

isotherm to define the location of the solidification front. In previous 

Hardee used the 1070" C 



I '  

work (Peck, 1978; Richter and Moore, 1966), the 1070"(: i sotherm was 

somewhat arbitrarily chosen to mark the solidification boundary 

(no discrete boundary actually exists) since this value represented thta 

softening temperature of lava under the conditions encountered at several 

lava lakes in Hawaii. As a matter of consistency, the 1070°C isotherm 

is also used here to arbitrarily mark the solidification front. Shown 

in the figure are two square-root-of-time curves, and the curve derived 

by Hardee. The classical square-root-of-time curve of Carslaw and Jaeger 

(1959) is based on a one-dimensional pure conduction model, (see Hardee, 

1980, for the estimates of the thermal properties) whereas the curve 

of Peck, Moore, and Kojima (1964) is based on a curve Fit of observations 

taken during the post-1963 solidification of the Alae lava lake in Hawaii. 

The measured depths are indicated by the solid squares. Due to the (greater 

depth of the Kilauea Iki lava lake (120 m vs. 15 m ) ,  Kilauea Iki has 

a more complicated cooling history than Alae. During the initial solidi- 

fication of Kilaueau Iki, the square-root-of-time curve of Peck et al. 

(1964) was well matched (see Figure 3.1). The agreement between Peck's 

curve and the observations at Kilauea Iki suggest that the meteoric 

conditions and the thermal properties of the two lakes were similar. 

One cannot expect Peck's curve to be appropriate at a location where 

vastly different conditions exist. However, since the square-root-o€-time 

behavior is characteristic of a purely conducting media, arid such a 

behavior seems to model Alae during most of its solidification stage, 

and to model Kilauea Iki during its first stage of cooling, the first 

stage of cooling of a lava lake in a less wet location can probably by 

well represented be the square-root-of-time curve where the theri~i~l 

conductivity is taken as an effective valve to account i ot I I t ( !  c w l i i i g  
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effect of rain. 

During the second stage of cooling (after 6 years), the solidification 

m/s (2.1 m/year) front moves downward at a constant velocity of 6.7 x 

rather than with the square-root-of-time. Hardee (1980) suggests 

that the constant rate of solidification during this stage is due to 

the controlling nature of a 2-phase convection zone of the meteoric water 

above the partial melt. 

illustrated in Figure 3.2. During this stage, the high temperature zone 

above the solidification front is at a sufficient depth to allow liquid 

water and steam to coexist in the formation above. In this zone, heat 

transfer is controlled by 2-phase convection. The maximum heat transferred 

due to the convection is, in turn, controlled by the effective permeability 

of the formation. Since the effective permeability is essentially constant 

over the length scales involved (%lo m), the heat transferred and thus 

the rate of solidification of the magma is essentially constant. Between 

the 2-phase zone and the magma is a conduction-dominated transition zone 

in which the temperature increases from boiling (100°C) to that of the 

melt (107OOC). Superheated steam exists in this zone, but does not convect 

since the Rayleigh number in this zone is 4 orders of magnitude less than 

the critical Rayleigh number (Hardee, 1980). Agreement between Hardee's 

model for the resulting time-dependent temperature distribution above the 

magma body and observation is excellent. However, as the lake solidifies 

to a point where the lower and upper solidification fronts are in close 

proximity, the solidification rate is expected to change. This change 

represents the third stage of solidification. 

Hardee's model for the second stage of cooling is 

Presently, there is no direct evidence supporting the idea that the 

central region of the lake has entered the third stage of solidification. 

1 5  
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However, r e c e n t  measurements [Hardee,  (1980)l  do s i i t , j ; l x * ; t  I 1 1 . 1 1  A I 1 1  i 1 - 1 1  ? : I  i ) , ~  

of coo l ing  has  been e n t e r e d  i n  a r e g i o n  n e a r  t h e  edge o I  

Hardee sugges t s  t h a t  t h e  onse t  of t h i s  stage of coo l ing  i s  re1 I o c - t c l t l  I ) \  

a change i n  t h e  c h a r a c t e r i s t i c  c u r v a t u r e  of t h e  tempera ture  vc'r:;iis d e p t l i  

p r o f i l e  above t h e  p a r t i a l  m e l t .  Such a change has  been observed [ I I  

ho le  79-1 (see F igure  2.1). The o n s e t  of t h e  t h i r d  s t a g e  of coo l ing  

r e p r e s e n t s  t h e  p o i n t  i n  t i m e  a t  which t h e  maximum m e l t  t empera ture  

d e p a r t s  s i g n i f i c a n t l y  from t h e  tempera ture  a t  which t h e  l a k e  o r i g i -  

n a l l y  formed due t o  t h e  c l o s e  proximi ty  of t h e  upper and Lower 

s o l i d i f i c a t i o n  f r o n t s .  Although d i r e c t  depth  measurements showing t h e  

a c c e l e r a t i o n  of t h e  s o l i d i f i c a t i o n  f r o n t  do not  e x i s t  € o r  Kilauea 

I k i  a t  t h e  p re sen t  t i m e ,  Peck (1978) has  r epor t ed  an  i n c r e a s e d  s o l i d i -  

f i c a t i o n  ra te  f o r  Alae l a v a  l a k e ,  H a w a i i ,  du r ing  i t s  l a t c r  sta1:tls o f  

s o l i d i f i c a t i o n .  When t h e  upper and lower s o l i d i f i c a t i o n  Eronts  

c o i n c i d e  and t h e  l a k e  i s  s o l i d i f i e d ,  t h e  f o u r t h  s t a g e  of c o o l i n g  begins .  

t - 1 1 ~ .  I I I I ) I  I ~ ' I I  1 1 ' 1 1 ' .  . 

I f  Ryan's (1979) the rma l ly  induced f r a c t u r i n g  modrL i s  c o r r e c t ,  a i i t l  

a p p l i c a b l e  t o  Ki lauea  I k i  b a s a l t ,  t h e  f o u r t h  s t a g e  of cool ing  can be 

d e f i n e d  by t h a t  stage a f t e r  which s o l i d i f i c a t i o n  i s  complete ,  but  befor-cb 

thermal  f r a c t u r i n g  has  taken  p l a c e  i n  t h e  h igh  tempera ture  r eg ion  

of t h e  l ake .  Heat t r a n s f e r  in t h e  h igh  tempera ture  regioii  (7.")"C:, 

see Ryan, 1979)  w i l l  be conduct ion  dominated. 

Once t h e  tempera ture  dec reases  t o  a p o i n t  where thermal  E rac tu res  

ex i s t  throughout  t h e  format ion ,  hydrothermal  c i r c u l a t i o n  of superhea ted  

steam could ex i s t  throughout  t h e  h igh  tempera ture  r e g i o n  oE the lnkc. 

The rate of t h e  coo l ing  du r ing  t h i s  s t a g e  ( s t a g e  5 )  w i l l  delx'iiil I i i  ,I 

c e r t a i n  e x t e n t  on t h e  a v a i l a b i l i t y  of water from below. 1 1  i l l i  0 1  Iicrmal 

I ' I  



circulation induced by hot spots in saturateL porous media has been 

studied analytically by many authors (Cheng and Minkowycz, 1977; Hardee, 

1976; Hickox, 1977; Norton and Knight, 1977; Parmentier, 1979; Schubert 

and Strauss, 1979; Strauss and Schubert, 1977). If the high temperature 

region of the lake is surrounded by a water-saturated formation, then a 

convective system will probably exist with upwelling superheated steam 

passing through the high temperature region near the center of the lake, 

and with liquid water descending through the low temperature region on 

the margins of the lake. 

As the lake continues to cool, the lake will enter the last stage 

of cooling (stage 6 )  in which all the water is at a temperature below 

its boiling point. In this stage the lake will continue to cool by 

conduction and downward percolation of water to ambient conditions. 

While the first 2 stages of cooling have been verified by field 

measurements at Kilauea Iki, the last 4 stages of cooling have not. 

Until field verification is possible, the suggested mechanisms of heat 

transfer for Kilauea Iki during the later stages can only be 

speculative. 

3 . 3  Heat Transfer Beneath the Magma Body 

The only location at which temperature measurements have been 

made down to the pre-1959 surface is in 79-5 (see Figure 2.1). This 

hole is on the margin of the lake and does not penetrate the partial 

melt zone at the lake's center. No holes exist in which temperatures 

can be measured directly beneath the melt. 

Analysis of core samples by Luth, Gerlach, and Eichelberger 
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(1981) from the 1981 drilling at Kilauea I k i  suggests that the zone 

above 1070"C, at the time of drilling, extended from 60.5 to 89.5 rn below 

the surface. 

110 m and 120 m, the lower 1070°C isotherm would have had to move 

upward at an average rate of 0.9 to 1.4 m/year. 

rate of solidification can be estimated from the results obtained 

by Carslaw and and Jaeger (1959). 

Since the depth to the pre-1959 surface is between 

A pure conduction 

They find that a lower solidifi- 

cation front at T1 would have the following displacement with time: 

x = 2 ~ J a t  

where X is defined by 

and 
Cm - specific heat of lava, 1046 J/kg 
1 - latent heat of solidification, 4.18 x lo5 J/kg 
T1 - solidification temperature above ambient, choose 

1050°C = 1070°C - 20°C 
t - time, s 

X - distance to solidification front from its initial position 
a - thermal diffusivity, 5 x m2/s 

- characteristic value, 0.622 for properties given above 

After 22 years (6.9 x lo8 s) ,  Eq. (3.1) gives the displacement of the 

lower solidification front to be 23 m, which corresponds to an average 

solidification rate of 1.1 m/year. 

vation suggesting that a pure conduction model for the region below 

the lower 1070°C isotherm is adequate. 

This value is consistent with obser- 
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3 . 4  Heat Transfer on the Lateral Margins of the Magma Body 

A cross-section depicting several of the boreholes drilled in 1979 is 

shown in Figure 3.3. The deepest borehole drilled to date is 79-5, 

which is on the margin of the molten body. A plot of the temperature 

distribution at various times since the drilling of the hole is shown 

in Figure 3 . 4 .  The figure illustrates that the temperature within 

the hole has been increasing throughout its depth since drilling. 

The first few months of heating represent the return to quasi- 

equilibrium from the artificially cooled condition caused by the 

drilling water. 

The behavior in the 70-100 m depth range of 79-5 suggests that some 

type of transient heat source is present at depth. 

transient source is that the continuing cooling of the lava lake caused new 

thermal fractures that resulted in a new circulation pattern extending 

laterally from the high temperature region to a location near 79-5. 

present, there has been no analytical or experimental verification of this 

hypothesis. 

A possibility for the 

At 

A second unexpected trend in the temperature profile of 79-5 is illus- 

trated in Figure 3.5. In the figure, temperature as a function of depth 

for the upper 50 m of 79-5 is plotted. The temperatures labeled “XNXTIAL 

CONDITION” are the temperatures measured by Graeber on 4 / 2 6 / 7 9  (see 

Figure 3 . 4 ) .  

Colp and Hills on 3/10/80. 

same ll-month period due to one-dimensional conduction (thermal 

diffusivity = 5 x 

The measurements observed 11 months later were taken by 

The expected change in temperature over the 

m2/s) is also shown. The discrepancy between 
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observation and one-dimensional conduction theory is as much as 100°C. 

24 

A second discrepancy in the behavior of the upper 50 m of 79-5 is the fact 

that temperatures above 100°C are observed within 5 m of the surface during 

March of 1980, whereas over the hotter center region of the lake, the super 

100°C region is not observable within 30 m of the surface in 79-3, or ob- 

servable at all in the other holes (%40 m depth). 

A probable reason for the unexpected behavior in the upper 50 m of 79-5 

is the effect that the upflowing steam has on the long-term temperature 

measurements. Steam flowing uphole from the high temperature region below 

will not only affect the thermocouple measurements, but will also slowly 

heat the borehole walls. 

To study the temperature influence of the steam flowing uphole, a 

numerical model was developed. The coordinate system used for the model 

is illustrated in Figure 3.6. 

the formation surrounding the borehole was modeled by 

An energy balance for pure conduction in 

with the conditions on T(r,z,t); 

T(r,O,t) = To 

T(r,d,t) = Td 

(3.4a) 

(3.4b) 

(3.4c) 

(3.4d) 

(3.4e) 

i 



A l V  

FIGURE 3 , 6  COORDINATE SYSTEM 

r 



Vs - speed of steam flowing uphole 
a - thermal diffusivity of steam, 1.08 x 10 m / s  

Us - kinematic viscosity of steam, 8.19 x m2/s 

-4 2 
S 

The energy balance of the steam flowing in the open borehole was 

taken to be 

with the conditions on Ts(z,t); 

Ts(d,t> = Td 

where 

C - specific heat of the steam, 2008 J/kg°C 

Vs 
- ps - velocity of the steam, m/s 

- density of the steam, 0 .303  kg/m 3 
p S  

Note that the temperature dependence of the thermal properties of the 

steam and the formation are neglected. The precision gained by intro- 

ducing temperature dependent properties is not warranted here. The 

energy balance given by Eqs. ( 3 . 9 )  and ( 3 . 1 0 )  states that the increase 

in temperature of the flowing steam is due to energy conducted into the 

steam from the formation. The transient response of the steam is 

neglected (i.e. a T s / 3 t  Q 

steam is very quick relative to that of the formation. 

0) since the thermal response time of the 

An explicit finite difference approximation was used to model 

Eq. ( 3 . 3 ) .  The second boundary condition on the formation energy balance, 
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Eqa (3.4b), was modeled by using an imaginary node and a central differ- 

ence for the derivative to give secondcorder accuracy. 

An explicit equation for T, in terms of the borehole wall temperature 

can be derived from Eq. (3.9). The substitution of Eq. (3.4b) into 

Eq. (3.9) gives 

5 + BTs = B T ( a , z , t )  
32 

where 
2h P =  

S 
a p  c fi 

ps  

Integration of Eq. (3.11) gives 

Note that the velocity was assumed to be constant. Applying the boundary 

condition on T,, Eq. (3.10b), gives 

Since the finite difference approximation will give T(a,z,t) only at 

discrete points along z ,  an integration technique that uses only the 

values of T at these points was used to evaluate Eq. (3.14) 

zoidal technique was felt to be adequate. 

A trape- 

(3.11) 

(3.12) 

(3.13) 

(3.14) 

The results of using the temperature measurements in 79-5 on 2/17/79 

as an initial condition, Ti(z), and holding the upper and lower boundaries 

( z  = 0,d) at 100°C and 720°C for a steam velocity of vs = - 0.6 m/s (0.6 m/s 

uphole flow) are illustrated in Figure 3.5. The " A "  gives the models' 

predictions for steam temperature at various depths (the downhole thermo- 

couple measures steam temperature which is, in general, different from 
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borehole wall temperature) in the borehole after 11 months of steam 

contamination. A s  the figure illustrates, agreement between prediction 

and observation is good. The second order differences are probably due 

to the simplistic nature of some of the approximations used in the model. 

The radial temperature distribution obtained at two depths by the model 

after 11 months of steam heating is illustrated in Figure 3.7. Note the 

rapid drop-off in temperature as one moves into the formation at 30 m depth. 

Differences between borehole wall temperature (r = a) and the formation 

temperature are as much as 100°C. The steam temperature at 30 m depth, 

as predicted by the model, is 25°C above the borehole wall temperature 

at the same depth. As Figure 3.7 illustrates, steam flowing uphole can 

cause a significant modification to the formation temperature in the imme- 

diate vicini'ty of the borehole. 

borehole temperatures that do not represent true formation temperatures. 

Since a steam velocity of 0.6 m/s is a reasonable value for 79-5, based 

on visual observation, the temperature measurements in 79-5 should be 

regarded with caution. 

temperature could be as high as 125OC. 

The net result of these effects is measured 

Differences between measured and true formation 

During the month of March, 1980, Kilauea Iki received approximately 

2 m of rain. 

upper 50 m of the 79-5 borehole. 

deep section of the formation to the extent implied by the figure, can be 

estimated to be 

Figure 3.8 illustrates the cooling effect the rain had on the 

The energy required to cool a 1 m2 by 50 m 

AEf = mC AT = (50 m3)(2700 kg/m3)(1046 J/kg-'C)(85OC) (3.15) P 



500 I I I I 

400 - - 

< 
de w e z 
W 
I- 

- 
I 

Z=30m 

Z=15m I I 

RADIAL DISTANCE FROM BOREHOLE WALL, m 



0 

10 

20  

30 

40 
E 
f 

50 
w 
P 

60 

7 0  

80 

90 

100 
0 

I 

A 0  

A 0  
A 0  
A 0  
A 0 
A 0 

A 0 
A 0 

A 0 
A 

A 

I I 

OCOLP AND HILLS, 3/10/8C 

A RYAN, 4/4/80 

I I I I 

0 
0 

A 
A 
0 
0 
A 0 

A0 

a a 
0 

Q 
OA 

O A  
OA 

O A  
O A  

O A  
OA 

Oh 
@ 
a 
oa 
OA 

200 400 600 800 1000 

TEMPERATURE, OC 

FIGURE 3 , 8  EFFECT OF RAIN I N  79-5 



The amount of energy available for vaporization of 2 m of 2 O o C  rain 

2 that falls on 1 m area can be estimated to be 

= m A u  (2  m3)(1000 kg/m3)(2.42 x lo6 J/kg) (3.16) 

= 4.84 x 109 J 

so 

(3.17) 

Therefore, 2.5 times as much rain would have had to fall, assuming 100% 

vaporization, for the formation to decrease in temperature by the suggested 

amount. This observation suggests the idea that only the formation near 

the borehole was cooled by the observed amount. A steam heated borehole 

would cool at an accelerated rate due to the large horizontal advection 

of steam into the low pressure borehole from the surrounding formation. 

Although the observed rain effect does not conclusively prove that the 

temperatures'in the 79-5 borehole are altered by steam, it does lend 

support to the idea. 

The elimination of the steam effect on a borehole requires 

that the uphole mass flow rate of the steam be reduced. Numerical 

experiments indicate that an uphole flow rate of 1 cm/s in 79-5 

for a year results in an error of only 2OC. 

steam, the hole must be cased effectively, and the casing must be 

sealed at the bottom. 

To reduce the flow rate of 

Previous tests (see Colp, 1979) indicate that the steam 

effect is not significant over the center of the lake. This result is 

probably due to the impermeable molten lens acting as a barrier to 
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convect ion  from depth.  

magma i s  e s s e n t i a l l y  s t a g n a n t  (Hardee,  1980). A f t e r  t h e  magma body 

s o l i d i f i e s ,  however, steam could rise from depth  through newly formed 

thermal  f r a c t u r e s .  Because of t h e  steam e f f e c t ,  a l l  f u t u r e  tempera ture  h o l e s  

a t  Kilauea I k i  should be adequa te ly  cased o r  s ea l ed .  

The steam i n  t h e  r e g i o n  above 100°C above t h e  

4.0 Conclusions 

Although t h e  coo l ing  of Kilauea I k i  l a v a  l a k e  has  been t h e  s u b j e c t  

of much s tudy ,  t h e  on ly  r eg ion  i n  which t h e  coo l ing  dynamic models have 

been w e l l  t e s t e d  is  t h e  r eg ion  above t h e  c e n t e r  of t h e  magma l e n s .  I n  t h i s  

r eg ion ,  t h e  l a k e  appea r s  t o  have passed through two s t a g e s .  

s t a g e ,  t h e  h e a t  f l u x  from t h e  coo l ing  magma body i s  s u f f i c i e n t  t o  b o i l  o f f  

any meteor ic  water f a l l i n g  on t h e  l a k e .  

moves downward wi th  t h e  square  r o o t  of t i m e .  

I n  t h e  f i r s t  

The upper s o l i d i f i c a t i o n  f r o n t  

During t h e  second s t a g e ,  t h e  h e a t  f l u x  from t h e  magma body i s  not  

s u f f i c i e n t  t o  b o i l  o f f  a l l  t h e  meteor ic  water above t h e  body. This  r e s u l t s  

i n  a two phase zone above a t r a n s i t i o n  zone. 

p e r a t u r e  i n c r e a s e  from t h e  b o i l i n g  po in t  of water t o  t h e  magma tempera ture  occur s  

i n  approximately 10 m. 

t h e  upper s u r f a c e  of t h e  magma body a t  a c o n s t a n t  rate.  

by t h e  pe rmeab i l i t y  of t h e  formation.  As a r e s u l t  of t h e  cons t an t  h e a t  

f l u x ,  t h e  upper s o l i d i f i c a t i o n  f r o n t  moves downward a t  a cons t an t  rate.  

I n  t h e  t r a n s i t i o n  zone, t h e  t e m -  

During t h i s  s t a g e  of h e a t  t r a n s f e r ,  h e a t  i s  removed from 

This  ra te  i s  c o n t r o l l e d  

I n  t h e  t h i r d  s t a g e  of s o l i d i f i c a t i o n ,  t h e  v e l o c i t y  of t h e  s o l i d i f i c a -  

t i o n  f r o n t s  i n c r e a s e  due t o  t h e  c l o s e  proximi ty  of t h e  upper and lower 

f r o n t s .  This  s t a g e  ends when t h e  two f r o n t s  co inc ide .  There i s  no con- 

c l u s i v e  ev idence  t h a t  t h e  c e n t e r  of Ki lauea  I k i  i s  i n  t h i s  s t a g e  of 
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cooling at the present time. 

In the remaining stages of cooling, the lake cools to a point w h c ! r e  

fractures exist throughout (stage 4), which leads to possible hydrothermal 

convection throughout the lake (stage 5). The lake remains in stage 

5 until it cools to a point where no superheated steam exists. At 

this point the lake enters stage 6 and cools to ambient. 

verification is possible, the suggested mechanisms of heat transfer 

for Kilauea Iki during stages 3 through 6 can only be speculative. 

Until field 

While there are presently no temperature measurements in the region 

below the partial melt, petrological data (Luth, Gerlach and Eichelberger, 1981) 

suggest that the lower 1070°C isotherm is at approximately 90 m depth. 

depth is consistent with that inferred from a simple conduction model for the 

the solidification of the lava lake from below. 

This 

Numerical experiments indicate that the temperatures observed in the 

margin hole (79-5) are altered by steam flow uphole. Differences 

between measured and true formation temperatures can be as high as 

125°C after only 11 months of steam heating. In order to reduce this 

problem, the hole must be sealed or cased so as to slow the upflowing 

steam. 

While much is known about the cooling of Kilauea Iki lava lake from 

above, little information is available that adequately supports cooling 

models for the regions on the margins or below the solidifying melt. 

Only direct temperature measurements in conjunction with petrological 

data can resolve this problem. 
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