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ABSTRACT 

The Hawaiian lava lake i n  the Kilauea Ik i  p i t  c r a t e r ,  
resul t ing from the 1959 summit eruption of Kilauea 
volcano, has served as  a natural  laboratory for the con- 
t inuing study of the petrology, rheology, and thermal 
h is tory  of ponded molten basa l t  flows i n  the  f i e l d  en- 
vironment. During 1975 and 1976, a se r i e s  of electro- 
magnetic and seismic experiments were coordinated, and 
i n  some cases supported, by the Magma Energy Prograr;, -t. 
Sandia Laboratories i n  an attempt t o  define the in-s i tu  
geophysical properties and the configuration of the mol- 
ten lava core as closely as  possible. This e f f o r t  in- 
volved wrke r s  from the United S ta tes  Geological Survey 
( U S G S ) ,  University of Texas, Massachusetts In s t i t u t e  of 
Technology (MIT),  Sandia Laboratories, and Brown Univer- 
s i t y .  Dril l ing and geophysical experiments i n  1976 suq- 
gested t h a t  the aolfdif ied c r u s t  of the lava lake had a 
cool, r e s i s t i ve  surface layer,  undersaturated with water 
t o  a depth of 5 metres. A w a r m ,  wet layer. containing 

s sen t l a l ly  isotherm-- 

with eolid layers.  Below t h i s  ( 5 0  metres) was apparent- 
l y  a layer having the highest temperature, lowest visco- 
s i t y ,  and lowest density of ol ivine phenocrysts. A t  7 0  
metres, a t rans i t ion  zone t o  a c rys ta l l ine  mush was in- 
dicated,  and f ina l ly  (between 80 and 95 m e t r e s ) ,  so l id  
basa l t  extended down t o  the preflow surface a t  a depth 
of 115 to 120 metres. 

i 
1 3 # 4  

" \  



c 



k. 
S 

Introduction 

CONTENTS 

Constraints on Lava Lens Configuration 
Prior to Geophysical Experiments 

The Geophysical Sensing Experiments 
Active Electromagnetic Experiments 
Defining the Lateral Boundaries 
Audio Magnetotelluric Measurements 
Seismic Experiments 

A Proposed Model for the L 3 

The Lateral Boundaries of the Lava Lens 
Bibliography 

ILLUSTRATIONS 

Figure 
1 Map of the Kilauea Summit Area 
2 

3 

4 Kilauea Iki Borehole Temperature Profile 
5 Location of Vertical Electrical SoundingLines in Kilauea Iki 

Crater 
6 Kilauea Iki VES 

7 
8 
9 

Graph Showing Volume of Lava Erupted into Kilauea Iki during 

Map and Section of Kilauea' Iki Crater before and after the 
the 1959 Summit Eruption 

1959 Summit Eruption 

Conceptual Model of Kilauea Iki Lava Lake 
Complex Geological Model of Kilauea Iki Lava Lake 
Location of Turam Transmitter and Measurement Array on Kilauea 

i Lava Lake 
10 atic of Analog Scale Mode ank Setup in Laboratory 
11 Real Component of the Electromagnetic Field, Kilauea Iki 

12 Real Component of a Model Curve and the Real Component of the 

13 Apparent Resistivity Profiles Obtained along Traverses 
14 Conceptual Model of the North Edge of the Lava Lake 
15 Location of Audio-Magnetotelluric Sites on Kilauea Iki Lava Lake 
16 Observed Apparent Resistivities Compare 

17 Assumed Form of the Melt Zone 
18 

19 Location of Geophone mic Investigations 
20 Proposed Lateral Bou ns 

Lava Lake 

East Field Traverse 

Response of a Plane-Layered Model 

Experimental Data Compared with Calculated Apparent Resistivity 
Curves for Different Assumed Values of Melt Thickness 

Page 
7 

10 
12 
13 
18 
23 
28 
36 
38 
40 

8 

9 

9 
11 

14 
14 
17 
17 

19 
19 

21 

21 
22 
23 
24 

25 
26 

27 
28 
29 

5 



ILLUSTRATIONS (Continued) 

Figure 
21 

22 
*23 

24 

Table 
1 
2 
3 
4 

5 

- 

Page_ 

Composite Contour Map of Kilauea Iki Lava Lake, Showing Total 
Thickness and Subsidence 30 

Observed and Theoretical Phase Velocities of Love Waves 32 
Comparisons of Records from Vertical and Radial Horizontal 
Geophones 35 

Proposed Model of Vertical Section through Kilauea Iki Lava Lake 37 

TABLES 

Sequence of Holes Drilled into Kilauea Iki Lava Lake -11 
Geophysical Experiments Performed on Kilauea Iki Lava Lake 13 
Interpretation of Schlumberger Data 15 
Combined Interpretation of Geoelectric Section, Using Schlumberger 

and Loop-Loop Electromagnetic Sounding6 16 
Plane-Layered Model to Simulate Lava Lake 24 

uet, M. Fehler, G. Zandt, R. Koyanagi, J. Colp, and R. G. m y r  
Journal of- Geophysical Research, Volume 83, pp 2273-2282, 1978, 
can Geophysical Union. 

Copyright by Ameri- 
Used by permission. 

6 



GEOPHYSICAL SEN GEOPHYSICAL SEN 

Introduction 

se to recornendations made at the Magma Workshop held at 
, (Sandia Laboratories Report, SAND75-0306) 

nited States Geologic 
ed a series of eriments during 1976 on 

gma Workshop was discus- 
evaluating the physical 

A persistent 
sion on developing and testing 
nd chemical characteristias o or magma structure epth within the earth's 

crust. A8. a result, a reconme on was made to te us geophysical techni- 
ques on known magma bodies such as Kilauea 
different methods could be 

niques fo; detecting 

ffectiveness of the 

ecommendation of the workshop was to use geologic information 
umed fossil magma systems to better understand present-day active 

magma systems. - . (  

Both of  these recommendations have resulted in a comprehensive investigation 
of the configuration and physical characteristics of a known small-scale magma sys- 
tem in Kilauea Iki crater on the island of Hawaii. 

The lava lake in the Kilauea Iki pit crater'result 
lauea volcano (Figure 1) during November and December 1959. The Kilauea Iki 

pit-crater was approximately 200 metres deep before the eruption. On 14 November 
1959, a fissure opened halfway up the southwest wall of the.crater, and lava flowing 
from the fissure quickly filled the pit crater to the level of the 

1970, p E5). 
te sequences 40 x 10 cubic yards. During the month following, 16 additional 

of lava outpouring and draining back into the vent added approximately another 10 x 
cubic yards to lava pond. By 2 
ceased: the level of lake stood to 120 metres ab 

and the lake had a 750 metres. Se 

are in feet). 

during a single eruptive phase lasting 7 days (Figure 2, this rep0 I, 
The total lava erupted during this first phase has been estimated It 
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. *  I _ - .  . - 
Additional lava lakes have formed since 1959 along the 

Aloi (1962; 19651, Alae (1965, 1968)~ land Makaopuhi (19651, although at present only 
Kilauea fki is accessible, the o uption of 1969 
and later (Wright et al, 1976). 
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igure 1. Map of the Kilauea Summit A r e a ,  Showing Principal 1959 Erup- 
tive'Features i n  and around Kilauea Ik i  and the 1960 Collapse 
i n  Halemaumau. Location of out l ine  and vents of the 1954 
f l o w  on the caldera floor are .from MacDonald and Eaton, 1957 
(after Richter et  a l ,  1970,  Figure 3 ) .  
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PRE-ERUPTION 

open circles show location. of permanent referen'ce stations on 
the lava lake (after Richter and Moore, 1966,.Figure 2 ) .  
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Constraints on Lava Lens Confisuration Prior t o  Geophysical Experiments 

Because of t he i r  access ib i l i ty ,  the three modern lava lakes, Kilauea I k i  
(1959) , Alae (1962) , and Makaopuhi' (1965) , have been intensively d r i l l ed ,  cored, 
and sampled by the USGS and have served for a number of years a s  natural  labora- 
t o r i e s  for studying the petrology, rheology, and thermal h is tory  of ponded molten 
basal t  flows i n  the actual f i e ld  environment (Wright e t  a l ,  1976). 

Moreover, a considerable amount of useful background information has been 
supplied through the work of Moore and Evans (1967) on the  exposed, prehis tor ic  
lava lake revealed when the present day Makaopuhi p i t  c ra te r  was formed. 
h i s to r i c  Makaopuhi lava lake is an ideal  analog t o  the modern lava lakes because of 
i ts  s imilar i ty  t o  the modern lakes i n  s ize  and chemistry (Moore and Evans, 1967). . 
I n  a sense, the work of Moore and Evans i s  as  essent ia l  a contribution t o  the in te r -  
pretation of geophysical data from Kilauea Ik i  as is the study of exhumed fos s i l  
plutons t o  geophysical measurements of deep c rus t a l  magma structures .  I t  was logi-  
c a l ,  therefore,  t h a t  . the Sandia Magma Energy Project mobilize i t s  e f fo r t s  around the 
knowledge of both the prehis tor ic  and modern Hawaiian lava lakes established through 
the long-term research a c t i v i t i e s  of the USGS. 

The pre- 

The most fundamental constraint  on the present configuration of Kilauea I k i  
lava lake is the present t o t a l  thickness of the lava flow, both chi l led and molten, 
of 115 t o  120 metres (Holcomb, 1976). Since 1960, 55 holes have been d r i l l e d  
through the c r u s t s  of the 3 lava lakes (13 of which were d r i l l ed  through the c r u s t  
of Kilauea Ik i  lava lake (Colp and Okamura, 1978)). 
hales ,  as  w e l l  as t o t a l  c rus ta l  thicknesses, a re  useful in  constructing and tes t ing  
thermal his tory models (Peck e t  a l ,  1977). A summary of the r e su l t s  of the  Kilauea 
I k i  holes i s  given i n  Table 1, i n  par t icular ,  the depth a t  which " m e l t "  was encoun- 
tered. I t  should be noted, t ha t  i n  t h i s  regard, the "depth t o  melt" i s  a pragmatic 
term s ince  basgl t  has a melting range from 980' t o  1,200"C. According t o  Wright e t  
a1 (1976), it is  the depth a t  which there is a marked decrease i n  the r i g i d i t y  Of 
the basal t  as well as an increase i n  the abundance of ol ivine phenocrysts. This 
so-called l iquidlsol id  interface occurs a t  a temperature of. 1,070 2 5.C. 

Temperatures logged i n  these 

Typical temperatures a s  a function of depth i n  recent boreholes on Kilauea 
I t  is ins t ruc t ive  t o  note i n  t h i s  I k i  are  given i n  Figure 4 ( a f t e r  Colp, 1976). 

f igure t h a t  temperatures are  essent ia l ly  isothermal a t  LOO'C t o  a depth o f  33 
metres (110 f ee t )  due t o  the e f f i c i en t  c i rculat ion of meteoric water. From 33 t o  
45 metres, a sharp increase i n  thermal gradient occurs u n t i l ,  at, 85  metres, melt is 
encountered, 

Very few attempts have been made t o  penetrate through the melt, b u t  t h i s  was 
the specLf$c objective of the  76-1 borehole subcontracted by Gandia and supervired 
by USGS personnel. Thicl hole encountered melt a t  44,7 metree, and, when 8n attempt 
was made tQ push through the melt, progress was stopped by a r ig id  obstacle a t  45.3 
metres. 
raised three poss ib i l i t i e s  regarding the d r i l l i n g  r e su l t s ;  
lava lens is only a half  metre thick,  ( 2 )  a thin zone or plexus of molten si116 $6 

an inherent feature of the cooling process (a  poss ib i l i ty  favored by Colp and 

In other words, only 0.5 metre of melt'was penetrated. This f a c t  has 
(1) the  actual  moltep 
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Table 1 

Sequence of Holes Drilled into Kilauea Iki (after Colp and Okamura, 1978) 

to Depth Melt 
Dr ill ing Number of Holes 
Aqency Date - 3/16-in. dia. 2-in. dia. 3-in. dia. ( f t )  

LRL 7/1960 1 19.0 
HVO 4-8/1960 1 16.0 

HVO 4/1961 1 29.7 
HVO* 10/1961 35.0 
HVO 5-6/1962 1 41.6 
HVO 12/ 1962 1 43.6 
HVO 3/1967 1 85.0 
HVO 5-7/1967 1 85.0 
HVO 1 87.0 
HVO 3 145.0 
SANDIA/HVO 2 149.3 

*Redrilled and deepened hole originally in April 1961. 



Okamura, 19781, or (3 )  the d r i l l  did indeed hi.t the principal molten lens and then 
struck a piece of foundered, more refractory material ,  such a s  a piece of stopped 
c r u s t .  

I t  w i l l  be shown t h a t  the geophysical measurements have detected a molten 
lens from 15 t o  30 metres thick,  which appears t o  r u l e  out the f i r s t  poss ib i l i ty  
(above). 
view of the observation by Peck e t  a1  (1977, p 429) tha t  a preliminary calculation 
of the thermal his tory of Kilauea Ik i  lava lake by Tom Wright suggested a c rus t  
t ha t  i n  January 1975 should have been approximately 58 metres thick. 
t h a t  t h i s  was a t  variance with the actual observation of 43 t o  44 metres i n  holes 
d r i l l ed  in  February 1975. Peck e t  a1 (1977) suggest t ha t  a possible reason for  
t h i s  may be tha t  the e f fec t  of ra in  water i s  l e s s  for cooling thick flows than thin 
flows because, i n  thick flows, some of the flashed steam i s  condensed before it 
reaches the atmosphere and is  recycled within the chi l led basa l t  column without 
effect ively t ransferr ing heat t o  the f ree  atmosphere. 
may have underestimated the depth t o  the actual moltenllens because they too have 
encountered the plexus of si l ls  tha t  the 76-1 borehole encountered. Undoubtedly, 
ra in  water is l e s s  effect ive i n  t ransferr ing heat i n  thick than in  th in  flows, but 
the molten core of the lava lens may be somewhat deeper than indicated by the 
uppermost melt accumulation. 

On the other hand, the second poss ib i l i ty  i s  very rea l ,  par t icu lar ly  i n  

Table 1 shows 

Alternatively, Peck e t  a1  

Additional constraints  on reconstructing the actual configuration of the 
present-day lava lens i n  Kilauea I k i  may be imposed from geologic and thermal 
h is tory  s tudies  of the exposed prehis tor ic  Makaopuhi lava lake. 
(1976) have used the f ac t  t ha t  s ignif icant  f luctuations i n  the bulk rock chemistry 
a re  due primarily t o  the gravi ta t ional  s e t t l i ng  of phenocrysts of olivine: t h i s  
s e t t l i ng  i n  t u r n  i s  controlled by the viscosi ty  of the melt, which is a strong 
function of temperature. 
depleted layer,  i s  a t  a depth of 30 t o  39 metres. 
of 63 metres.) 
same lake by Evans and Moore (1968, p 111) showed t h a t  maximum temperatures were 
attained a t  a depth of 36 metres, and, as  the maximum temperature decreased i n  time 
due t o  cooling, i t s  posit ion descended by 5 2 3 metres. Thus, according t o  the  
f i e l d  observations and thermal his tory calculations on the prehis tor ic  Makaopuhi 
lava lake, the highest  temperatures and the slowest r a t e  of cooling were experi- 
enced a t  a depth of 36 t o  40 metres, a depth equivalent t o  54 t o  60% of i t s  t o t a l  
thickness. 

Moore and Evans 

The most differentiated- par t  of the lake, the olivine- 
(The lake reaches a t o t a l  depth 

Moreover, preliminary calculations of the thermal his tory of t h i s  

The Geophysical Sensing Experiments 

I n  ear ly  1976, a se r ies  of geophysical sensing experiments was i n i t i a t ed  on 
Kilauea I k i  lava lake with the following objectives i n  mind: 

1. 
2. 

Monitor the geophysical properties of lava in-s i tu ,  
Map the thickness and edge of the lava lens as  a prelude t o  an extensive 
d r i l l i n g  program, and 
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3.  Evaluate the f e a s i b i l i t y  of using geophysical methods for  detecting and 
delineating major magma s t ruc tures  i n  the ear th 's  c rus t  ( 2  t o  10 Ian). 

Both seismic and electromagnetic experiments were car r ied  out by a number of people 
from Sandia Laboratories, the USGS, MIT, and the University of Texas a t  Austin. 
Table 2 provides a list of the types of experiments carried out. 

Table 2 

Geophysical Experiments Perfo 
On Kilauea I k i  Lava Lake 

1. D i p o l e - D i p o l e  Electromagnetic Induction Experiments 
(Frischknect, Zablocki, B. S m i t h ,  Flanigan) 

2. Very-Low-Frequency Radio Wave Methods (Zablocki, Anderson) 

3. Galvanic Four-Electrode Resistivity Soundings (Zablocki, 
B. Snith) 

Audio-Frequency Magnetotelluric Profil ing And Sounding 
(Bostick, 5. .  Smith, Boehl) 

Monitoring of Seismic Noise (Aki, Chouet, C o l p )  

6. Teleseismic? Measurements (Aki, Chouet) 

7. Small-scale Seismic Refraction Exp iments Using A r t i f i c i a l  7. Small-scale Seismic Refraction Exp iments Using A r t i f i c i a l  

Active Electromagnetic' Experiments 

The in te rpre ta t ion  of the ac t ive  electromagnetic experiments has led t o  quan- 
t i t a t i v e  estimates of t he  depth, thickness, and Lateral  dimensions of the lava 
lens. It is worth reexamining the uncertainties and assumptions involved i n  the 

in te rpre ta t ion  because a number 
reported r e s u l t s  of the s e i s m i c  experimen discussion separates 
the s u i t e  of ac t ive  electromagnetic experiment 
v e r t i c a l  s t ruc ture  and those defining the boundaries of the lava lens. 

the conclusions are i n  d i r e c t  conf l i c t  w i t h  the 

oups, those defining the 

Vertical  Soundinq -- Two classes of electrical experiments w e r e  ca r r ied  Out 
t o  study the ve r t i ca l  
Schlumberger, or galv 
expanding the separation 
5 ,  VES-NS and VES-EW During the spring of 
1976, two-loop electr 
mitt ing loop located as shown in Fi 
metres and then 200 metres f r o m  the center of t h  

ructure of the lava lens. Zablocki (1976) describes 

l i n e s  indicated i n  Figure 

ps placed f i r s t  108 

erger data  of Zablocki 
(1976) shown i n  Figure 6 has  contxibuted s igni f icant ly  t o  defining the v e r t i c a l  
s t ruc ture  of the ch i l led  r e s i s t i v e  layers  above the molten lava lens. 
Zablocki (1976), the surface layers have the configuration indicated i n  T a b l e  3. 

According to  

., 

13 



! 

. 

TRANSMllTlNG ux) 

RECEIVING LOOPS 

SCALE 

Figure 5. Location of Vertical Electrical Sounding Lines in Kilauea Iki 
Crater (after Smith et al, 1977, Figure 1) 

Figure 6. 

KIUUEA IKI  

VERllCAL 
ELECTRICAL 

NS SOUNDINGS 

MI DATA 

COMPUTED 

5 fO 2 5 100 200 
A! DISTANCE BETWEEN CURRENT ELECTRODES 2 ,tm) 

Kilauea Iki VES. 
summarized in Table 3 (after Smith et al, 1977, Figure 5) .  

Computed curves are for the range of parameters 
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Table 3 

Interpretation of Schlmberger Data (after Zablocki, 1976,and Smith et al, 1977) 

Depth OP Resistivity 
Layer Number (metres ) (ohm-metres) 

1 0 25,000 
2 .o - 1.7 5,000 - 7.000 
3. 4.0 - 5.4 600 
4 33  (40,0001)  

5 (441 1 ( 3 1 )  

The high resistivity of Layer-1 is undoubtedly due to a low concentration of 
pore fluids (meteoric water) in a very porous and heavily fractured material. The 
somewhat lower resistivity of Layers 2 and 3 may reflect a higher pore fluid con- 
centration, along with an increase in the amount of dissolved salts in the fluid due 
to its recycling in a fairly active convection zone. 

The value of resistivity for Layer 4 is undoubtedly large, and 40 000 ohm- 
metre could easily be a minimum value. Zablocki (1976) has stressed that the thick- 
ness of Layer 4 and the resistivity of Layer 5 as indicated in Table 3 are possible 
interpretations only. These parameters are not well defined by the Schlumberger 
data alone. On the other hand, the two-loop electromagnetic induction measurements 
by Smith et a1 (1977) significantly constrain the interpretation of these deeper 
layers . 

e spring of 1976, Smith 
et a1 (1977) carried o a two-loop electromagnetic sounding over the approximate 
center o f  the lava len 
metres. 
constrained by Smith et a1 in their least-squares inversion of the electromagnetic 
data: 

at two fixed transmitter-receiver spacings, 108 and 200 
Their results are summarized in Table 4. -6everal.layer parameters were 

the resistivity and thickness of the first layer (reasonably well known from 

expected to have the value 

when the crust of the 1 t clear whether 

drastically in pass 

for tholeiitic basalt 1 er a limited tem- 
perature range, the laboratory data of Presnall et a1 (1972) show a change as great 
as lOO%/*C, or a total change from 1,200'C to 1,100'C of two orders of magnitude1 
However, this is very likely an extreme value, and variations of, say, 3%/'C in the 
vicinity of 1,150"C are more likely to be encountered. 
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Table 4 . 

Combined Interpretation of Geoelectric Section Using 
Schlumberger and Loop-loop Electromagnetic Sounding 

(after Smith et al, 1977) 

Depth to Top Resistivity 
Layer Number (metres) (ohm-metres ) 

1 + o  25,000 
2 4.5 300 to 750 
3 28 10 000 (min) 
4 32.3 to 44.4 2.3 
5 49.8 to 60.1 10 000 (min) 

Smith et a1 note that the electromagnetic soundings cannot resolve the resis- 
tivity and the thickness of the lava lens separately: however, the conductivity- 
thickness product (the conductance) of the melt layer is well determined and has a 
value of 7.64 mhos from the 108-metre sounding. The value of 6.86 mhos for the 
conductance of the lava lens from the 200-metre sounding may be biased toward some- 
what lower values by either the finite geometry of the lava lens or by lateral 
changes in the lava lens itself (Smith et al, 1977). 

Although the USGS interpretation advocates a thickness of 17.5 metres for the 
lava lens, this is true only if the resistivity of the melt has not changed since 
it was determined originally in 1962. As mentioned above, if the melt has cooled 
30°C, then the resistivity would increase by a factor of 2, and, for the same layer 
conductance, a thickness of 35 metres would be required. 
is apparently better constrained than this, the possibility that an ambiguity of 
this magnitude for layer thickness should not be unexpected has also been pointed 
out by Frischknect (1976). 

While the interpretation 

A schematic of a conceptual model proposed by Smith et a1 to account for 
the essential elements of the Schlumberger and two-loop electromagnetic sounding 
experiments is presented in Figure 7. The Schlumberger data have quite adequately 
defined the presence of (1) a relatively dry surface layer, (2) a warm wet conduc- 
tive layer (300 to 700 ohm-metres) , and (3) a dry resistive layer (on the order of 
40,000 ohm-metres) in which temperatures are sufficiently high to drive off signif- 
icant amounts of water vapor. The two-loop electromagnetic meaeurements have also 
defined (4) a conductive melt, 17.5 metres thick, having a resistivity of 2.3 ohm- 
metres, and (5) a dry resistive la 

In order to reconcile the electromagnetic interpretation with the drilling 
results and thermal modelling estimates, Smith et a1 present the geological model 
shown in Figure 8. 
depth at which drilling encountered "melt." 

The top of the principal molten lava lens is pegged to the 
The fact that the Sandia Laboratories 
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hole KI 76-1 penetrated only 0.5 metre of liquid before encountering an obstacle 
may be accounted for by a floating, more refractory portion of crust in an other- 
wise liquid lava lens 17 to 18 metres thick. . 

Smith et a1 recognize a potential conflict between the electromagnetic model 
and the thermal history estimates described above which call for a ratio between 
the cooling rates for ottom crust of approximately 60/40. 
If the top crust is 45 es thick, then bottom crust should be two-thirds of 
45 metres, or 30 metres thick. The difference between the total lava lake thick- 
ness (115 to 120 metres) and the combined thicknesses of the two chilled crusts (30 
metres + 45 metres) leads to a value of 40 to 45 metres for the thickness of the 
liquid lava lens. In contrast, the electromagnetic interpretation suggested a 
thickness of 17.5 metres. To resolve this conflict, Smith et a1 suggest the model 
shown in Figure 8, where only the topnost portion of the liquid layer is "electri- 
cally activeW in the sense of having a sufficiently low resistivity to differen- 
tiate it from the lower portion of what physically and petrologically is still a 
"liquid" layer. Dense blocks of foundered crust, along with a mush of olivine 
phenocrysts collecting on the bottom of the molten liquid layer due to gravita- 
tional settling, will serve to increase the resistivity sufficiently to neutralize 
the conductance of this portion of the liquid layer. This is a very plausible ex- 
planation and indicates that caution should be used in expecting a one-to-one cor- 
respondence between the electrically active layer and the petrological/rheological 
molten layer. 

Nevertheless, it should be expected that the most conductive part of the lava 
lens should also be its most liquid-like and correspond to a zone having the high- 
est temperatures. On this point, the model proposed-in Figure 8 seems to differ 
slightly from what might be expected from studies on the prehistoric Makaopuhi lava 
lake since it suggests that maximum temperatures'and slowest cooling (to get rid of 
the crystalline mush) is at a depth of 45 to 6 3  metres, or, say, 55 metres. This 
depth is 45 to 50% of the total lake thickness asccompared with 55 to 60% of the 
total lake thickness based upon the prehistoric Makaopuhi lava lake study of Evans 
and Moore (1968). In short, it is felt that the active or most liquid portion of 
the lava lens may be somewhat thicker and deeper than is ihferred by Smith et al. 
Nevertheless, based on the loop-loop electromagnetic sounding *data, there is little 
doubt that a liquid core of significant thickness (17 metres or greater) still 
exists within the lava Lake. 

Defining the Lateral Boundaries 

The Turam Experiment -- Flanigan and Zabloc 1977) have use 
400,and 800 Hz from a Turam experiment on the lava lake to define its lateral bound- 
aries. A large circular loop of wire (100-metre diameter) placed directly on the 
surface of the lake approximately over the center served as the transmitter source, 
and the horizontal gradient of the complex vertical magnetic field component was 
measured as a function of distance from its center (Figure 9). The field data were 
then compared with a small analog scale model in the laboratory (Figure 10). 
conductivity and thickness re inferred from the studies of Smith et a1 (19771, and 
the depth to the melt was predicted on the basis of the drilling results (Colp and 

Melt 
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Figure 9. Location of Turam Transmitter and Measurement Array on Kilauea Iki 
Lava Lake (after Flanigan and Zablocki, 1977, Figure 1) 

/ TRANSMITIER 

Figure 10. Schematic of Analog Scale Model Tank Setup in Laboratory (after 
Flanigan and Zablocki, 1977, Figure 5) 
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Okamura, 1978). 
location of the edge of the melt zone from the Turam interpretation is inbred with 
inferences regarding 'its depth and conductance as determined by other observations, 
for the aspect ratio of depth to radius of the structure considered here, these 

Although the possibility exia that any inference regarding the 

contribute second order effects at most. 

Three frequencies (200, 400, and 800 Hz) were used in the actual field exper- 
iment, although only results from 400 Hz were quantitatively interpreted. The vari- 
ation between the results from each profile contoured on a plane view of the lava 
lake (Figure 11) suggests #at the target is somewhat more complicated than a homo- 
geneous lens implanted in a homogeneous half-space. A comparison of the normalized 
field ratios among the various profiles shows a radial'asymmetry of 10%. As pointed 
out by Flanigan and Zablocki (1977), this,asymmetry could be caused by (1) differ- 
ences in the conductivity thickness product (layer conductance), ( 2  

molten basalt, or (3) the asymmetric position of the transmitter coil relative to 
the edges of the molten lava lens. 

Although a relatively broad spread is evident when they compare the data from 
all profiles (Figure 111, Flanigan and Zablocki use a clever interpretational device 
that minimizes the effects of such a large spread between curves; they use the data 
along a single radial direction from the transmitter and determine the radius of the 
best-fitting disk for that single profile (Figure 12). Although data from the next 
radial give a slightly different radius for the disk, they treat this difference as 
an actual perturbation of the edge of the conducting lava lens, rather than an in- 
trinsic error in their data. In this way they successfully construct an outline of 
the lava lens (Figure 13) which is somewhat distorted from a simple disk. 

The Very Low Frequency (VLF) Experiment -- Preliminary magnetotelluric pro- 
filing at very low frequencies (VLF), 23.4 kHz arid 18;6 kHz, presented ~ by Flanigan _ _  

and Zablocki (1977), shows dramatic increases in apparent resistivity near the edges 
of the melt zone (Figure 13). Apparent resistivities are quite low over the lens 
itself, but, close to the edge, a high-resistivity zone, then a more conductive 
zone, and finally another high-resistivity zone are encountered. These variations 
are most prominent for the apparent resistivity determined from the electric field 
polarized perpendicular to the edge, the so-called "perpendicular resistivity." 

The variations are less pronounced for the "parallel resistivity," which is 
the apparent resistivity determined from the electric field parallel to strike, but, 
nevertheless, the results are consistent. In fact, at the high frequencies and 
their associated short attenuation lengths (depths of penetration) used here, the 
parallel apparent resistivity is probably more representative of true value of re- 
sistivity at depth than is the perpendicular apparent resistivity. 

The authors note the smooth flat behavior of apparent resistivities over the 
interior of the lava lake and point out that one-dimensional models fitting the VLF 

apparent resistivity data over the center of the lake require the presence of a low 
resistivity layer (120 ohm metres) above the molten lens, underlaid by a w n e  of 
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Figure 11. Real Colhponent of the Electromagnetic Field, Kilauea Iki Lava Lake. 
The ordinate is in percent of field from an arbitrary point. 
abscissa is the ratio of A/R, where A is the distance from the center 
of the transmitting loop to the center of the two receiver loops 
and R is the radius of the transmitting loop. 
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Figure 12. , Real Component of a Model Curve (circles) and the Real Component 
of the East Field Traverse. 
presents a field distance of 320 metres from the center of the 
transmitting loop (after Flanigan and Zablocki, 1977, Figure 7). 

The edge of the conductive model re- 
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Figure 13. Apparent Resis t ivi ty  Prof i les  Obtained Along Traverses. Circled 
numbers show locations of conductbr edge ( a f t e r  Flanigan and 
Zablocki, 1977, Figure 8 ) .  

much lower r e s i s t i v i ty .  presumably the melt zone. Apparently a t  these re la t ive ly  
high frequencies (depth of penetration -40 metres) the electromagnetic f i e lds  a re  
absorbed i n  a more r e s i s t i ve  halo above the molten lens and are  responding only 
ind i rec t ly  t o  the  presence of the  molten lens i t s e l f .  

An interest ing feature of the VZF apparent r e s i s t i v i t y  prof i les  is the  f ine  
s t ructure  associated with the edge of the lava lens. 
advanced a persuasive argument tha t  t h i s  f ine s t ructure  is associated with the 
presence of a shallow convective hydrothermal c e l l  driven by the thermal energy 
released by the cooling lava (Figure 14). 
trend of apparent r e s i s t i v i t i e s  over the lake continues beyond what was prevfously 
thought t o  be the epproximate edge of the lake. 
note tha t  d r i l l  hole DH 75-3, sham &n Figure 14, ehcountered molten lava,  so t h a t  
perhaps the melt zone extendo somewhat beyond where it was previously thought €.e be. 

Flanigan and Zablocki have 

Moreover, they p o i n t  out t h a t  the f l a t  

Xn support of t h i s ,  the  authors 

It might be noted in pass t ha t  the present temperature inferred at the  
p re f i l l i ng  c ra te r  surface appears t o  be low compared with the thermal modelling 
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Figure 14. Conceptual Model of the North Edge of the Lava Lake, Showing the 
Possible Configuration of the Melt Lens, the Hydrothermal System, 
and Temperature Distribution within the Lake That Might Account 
for the Generalized Resistivity Profile Shown on Top (after Flan- 
igan and Zablocki, 1977, Figure 9) 

estimates by Dallas Peck. 
ted to stabilize at values as high aa SOO'C for a consider 
t h e  of the molten lenst'this is higher than the value Of 
Figure 14. 

Audio Maqnetotelluric Measurements 

Apparently temperatures at this surface should.be expec- 
rtion of the life- 
300'C indicated in 

During May 1976, the Electrical Geophysics Laboratory of the University of 
Texas, Austin, performed audio magnetotelluric measurements at 20 sites in Kilauea 
Iki crater (Figure 1 5 ) ,  as w e l l  as 6 other sites over the summit of Kilauea volcano 

sional theory 
2. Magnetotellur 

field planning exercise, the plane-layered (one-dimensional) magnetotelluric res- 
ponse for the layer parameters given i n  Table 5, These estimated values were based 
en electromagnetic w t k  as well as on thermal modelling calculations performed pre- 
viously by USGS workers. 
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Figure'l5. Location of Audio-Magnetotelluric Sites on Kilauea Iki Lava Lake 
(after Bostick et al, 1977) 

Table 5 

Plane-layered Model to Simulate Lava Lake [Eiostick, Smith and Boehl, 1977). 

Depth to Top True Re si st ivity 
Layer Number (feet) (ohm-metres) 

I 0 1,000 
2 150 2 
3 225 1 , 000 

However, as it turned out, the observed,data (Figure 16) looked very little 
like the expected plane-layered response calcula 
most striking difference is the fact that the parabolic-shaped minimum in the'theo- 

retical curve caused by the lava lens is clearly absent In the field data. This 
apparently is due to the effects from the finite size of the lava lens. Based upon 
magnetotelluric data only from sites over the middle of the lava lake and upon ex- 
perience with plane-layered interpretations, the assertion that a lens-like conduc- 
tor was present would likely not have been made. However, since both drilling and 
the active electromagnetic sounding experiments indicate molten material at a depth 
of only 40 to 45 metres, the lava lens does exist. 

prior to the field pr- 

In order to model the possible effect of the finite geometry of the lava lens, 
Bostick et a1 assume that their lowest frequency, 17 Hz, is of a sufficiently long 
period that induction effects can be neglected and then model the rekponse of the 
lava lens simply as the distortion of a uniform dc-telluric field by an imbedded 
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Figure 16. Observed Apparent Resistivities Compared with the Theoretical 
Response of a Plane-Layered Model Having the Characteristics 
Giyen in Table 5 (after Bostick et al, 1977) 
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- Figure 17. Assumed Form of t h e  M e l t  Zone i n  Kilauea I k i  Lava Lake (aftar 
Bostick e t  a l ,  1977, Figure 10)  

e t  al. 
the experimental data! for  example, the separation between the pa ra l l e l  and 
perpendicular r e s i s t i v i t i e s  increases w i t h  increasing distance. Nevertheless, there  
can be l i t t l e  doubt from inspecting Figure 10 t h a t  the prdblem 1s much more compli- 
cated than the simple m o d e l  used i n  the interpretat ion;  par t icu lar ly ,  the observed 
principal r e s i s t i v i t y  values over the center of the' lake do not come together as 
suggested by the m o d e l ,  

Clearly, cer ta in  qua l i t i e s  of the theoret ical  model data are ref lected i n  

Bostick e t  a1 note tha t  the observed minimum i n  apparent r e s i s t i v i t y  over the 
center of the lava lake (site 17N2) i s  compatible w i t h  a lens  thickness of approx- 
imately 4.6 metres, which gives a conductance for the lens of 2 mhos, much less than 
the 6,9 t o  7.6 mhos determined by Smith e t  a1 (1977) using the two-loop electromag- 
ne t ic  sounding method. To explain this discrepancy, Bostick e t  a1 have invoked the 
possible e f f ec t  of a r e s i s t i ve  "eteam" 6heath s u r  
Schlmberger soundings, Zablocki (1976) has apparently detected such a zone d i r ec t ly  
above the lava lens. 
represent6 a very high resistance In se r i e s  wlth the conducting lens. 
effect would be to  decrease the apparent conductance t h a t  would be inferred from 
Surface t e l l u r i c   measurement^, perhaps enough t o  reduce the apparent conductance 
from f'mhos t o  2 mhos (Bostick e t  a l ,  1974). 

If such a zone completely aurraunds the lens ,  it undoubtedly 
The net  
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Experimental Data Compared with Calculated Apparent Resistivity 
Curves for Different Assumed Values Of Melt Thickness (after 
Bastick et ,al, 1977, Figure X5) 

This in itself because the teliuric fieid is con- 

veying a gteat’deal of information about the edges of the la 
the interface between the molten lens an& the surrwndfng in 
luric field measurements may have provided a significant insight into aspects of the 
problem which ‘ b u l d  have bad a minimal effect on looploog electromagnetic sound- 
ings. 
lens coneuctance lmich appears to be far less contaminated by *edge effects.‘ In 

this senled the telluric measuremBnt6 and the loop-loop measurements complement each 
other very e l € ,  each providing information that presents a clearer picture of the 
phyrical processes involved- 

On the other hand, the loop-loop mebsurements contributed an estimate of the 
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Seismic Experiments 

A k i  e t  a1 (1978) summarize the seismic data and present a model of the struc- 
t u re  of thet  magma reservoir i n  Kilauea Iki .  The’lateral  extent of the  magma chamber 
was outlined by mapping the spa t ia l  dis t r ibut ion of seismic events within the upper 
c r u s t  of the  lava lake: regions of high microseismicity were assumed t o  be underlaid 
a t  depth by a st i l l-molten layer of lava. 
generated by explosive sources and S-waves from teleseismic events, it was concluded 

7 t ha t  the magma lens is thin ( l e s s  than 10 metres), with an apparent viscosi ty  of 10 
poise, a shear velocity of about 0 . 2  km/s, and a P-velocity of about 0.3 k m / s .  

P-velocity i n  the crust  below the lens is  thought to be as  low a s  0.9 k m / s .  

Through the analysis of Love and P-waves 

Passive monitoring of microearthquakes within the cooling c rus t  
d decrease i n  the frequency of seismic events near the edge of 

the lava lake. 
ac t iv i ty  can be used t o  out l ine the horizontal extent of the magma reservoir.  
experiments designed t o  detect  the l a t e r a l  var ia t ion in  seismicity were carried out. 
In one experiment (Chouet e t  a l ,  1976; Aki e t  al, 19781, a s ingle  seismograph was 
placed a t  various spots,  and a simple count was made of the  number of events record- 
ed. A pronounced decrease i n  frequency of events was found north of n a i l  17N10 and 
west of na i l  22 (Figure 19) .  Another experiment (Colp, 1976) employed a l inear  
array of several  geophones recording simultaneously: the axray was sh i f ted  t o  find 
Places where there was a sharp gradient i n  the number of events recorded across the 
array. The locations of the arrays and the points where the f a l lo f f  occurs a r e  
indicated in  Figure 19. 

I f  the events or iginate  near the magma lens,  then the f a l lo f f  i n  
Two 

Figure 19 .  Location of Geophones for  Passive Seismic Investigations i n  
Kilauea I k i  Lava Lake 
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On the northern and eastern sides of the lava lake, the gradient in seismicity 
is located close to the edge of the magma lens as deduced from the electromagnetic 
experiments (Figure 20). 
array across the northern edge also have the appearance of being diffracted around 
the edge of a magma len Aki, 1978). However, the falloff in seismicity 
to the west of nail 22 lies well within the bounds of the lens determined electro- 
magnetically. Either the edge actually is near nail 22, as the seismicity suggests, 
or a factor other than the extent of the magma body controls the level of seismic 

Particle motions of teleseismic P-waves recorded at any 

least locally. We favor the 

The microearthquakes are not directly associated with magma : they accompany 
cracking induced by thermal stresses as the basalt cools and contracts in the tem- 
perature range 900.C to ambient nd Minakami, 1968). The amount of cracking 
may be very sensitive to other tors. Peck and Minakami found a pronounced diur- 
nal variation in the ire cy of events over recording period of 2 months, with a 
maximum around midnight and a,minimum of a fa r of 3 smaller around noon. They 
speculated that expansion and contraction associated with diurnal temperature fluc- 
tuations may trigger the growth of preexisting cks. The amount of cracking .is 
also affected by differential subsidence of th ust of the lake. 3 Although the 
total subsidence of the surface over the entire lifetime of the lava lens shows a 
very regular pattern (Figure 21), the history of subsidence is both spatially and 
temporally nonuniform. In some lava re are alternating patterns of sub- 
sidence and uplift ( lauea Iki, the pattern from September 

Figure 20. Proposed Lateral Boundary of Molten Lens in Kilauea Iki Lava Lake 
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Figure 21. Composite Contour Map of Kilauea Iki Lava Lake, Showing Total 
Thickness and Subsidence ( a f t e r  Holcomb, 1976) 

1964 t o  August 1965 (Peck and Minakami, 1968) was substant ia l ly  d i f fe ren t  from the 
cumulative pat tern shown i n  Figure 21. The spec i f ic  fac tor  responsible for  the 
decrease i n  seismicity t o  the w e s t  of na i l  22 could be related t o  the existence of 
long pa ra l l e l  j o in t  cracks, which might a l t e r  the way i n  which local  thermal con- 
t rac t ion  is accommodated. The s i t e  a t  which the fewest events were recorded is 
located d i rec t ly  within’the area of these large jo in t  cracks (Figure 191, and the  
number of events recorded increases again t o  the west of t h i s  spot. Thui, we sug- 
ges t  t h a t  the  decrease i n  the number of events t o  the  west of n a i l  22 may not be be 
associated with the edge of the magma lens. 

Surface Waves -- One of the most important data s e t s ,  the observations of Love 
wave dispersion, i s  used i n  three primary waysr 

1. Thepecrease i n  phase veloci ty  from the west t o  the  east a t  about n a i l  22 
is c i ted  as evidence suggesting the presence of a magma chamber beneath 
the eastern section which i s  absent t o  the west. 
Assuming tha t  the magma chamber does terminate a t  n a i l  22, the  e f f i c i en t  
transmission of Love waves across the boundary requires a low impedance 
Contrast, ind i rec t ly  suggesting tha t  the molten layer may be thin.  
When a thickness of the molten layer i s  assumed given by other  evidence, 
Aki e t  a1 claim t h a t  the dispersion can then be used to calculate  the 
shear veloci ty  within the layer.  

2. 

3 .  

Records of Love waves made by transverse horizontal geophones along-the major 
a x i s  of the lava lake show apparent veloci ty  fluctuations along the  prof i le .  Some 
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s t a t i s t i c a l  tests of significance hav applied t o  the a l t e rna te  hypotheses t h a t  
velocity is uniform along the l i nea r  r .that velocity i s  d i f f e ren t  i n  the  
eastern and western halves of t he  pr o r  the Love waves generated by a shot 
a t  the western end of the lake (Figure 10 i n  Aki e t  a l ,  19781, the phase velocity i n  
the eastern half  of the p ro f i l e  is signifioantly slower than the phase velocity i n  
the western half .  The exact posit ion of the change i n  velocity i s  not well-defined; 
Aki e t  a1 show the change occurring a t  n a i l  2 0 ,  although a change a t  n a i l  22  f i t s  
the data  equally w e l l .  A s imi l a r -p ro f i l e  with a shot a t  the eastern end of t he  lake 
shows no s ignif icant  difference i n  velocity. Any r e a l  change i n  velocity is not 
large enough to appear above the noise level. The difference between the two exper- 
iments may be due to , the longer predominant periods of the signals i n  the second 
experiment. The longer period waves penetrate deeper and may be less sensi t ive t o  
changes i n  depth or degree of cracking of the near-surface layers. 

The Love waves show normal dispersion, i.e., the phase velocity increases with 
increasing period.- .In order to produce a normally dispersed wave i n  the period 
range observed, there  has to  be ‘an increase i n  shear velocity with increasing depth 
somewhere i n  the uppermost 20 t o  40 metres of t h e  c rus t .  Presumably, t h i s  increase 
i n  velocity is  caused by a decrease i n  the  amount of cracking with depth. 

Love wave data, even covering a much broader frequency rang 
Kilauea Ik i ,  a r e  notorious f o r  lack of informat*on about t he  s t r u  
period range 0.11 t o  0.16 second, Love waves can be expected t o  supply only one 
piece of information, su f f i c i en t  t o  resolve e loc i ty  but  not t he  thickness of  a 
s ing le  layer over a half-space. More layers be included and are l ike ly  to 
e x i s t ,  but cannot be resolved. Although A k i  e t  a 1  (1978) acknowledge the  non- 
uniqueness of the inversion, it Is worthwhile Aphasieing this’  problem i n  more 
de t a i l .  

Model A i n  Figure similar to Model A i n  Figure 11 i n  Aki e t  a 1  

e disp@rsion 

required t o  f i t  l i g h t  lowering of  velocity i n  t h e  
1 A can a l so  s a t i s f y  the data,  e.g., 

u t  a,decrease i n  i ts  velocity. 

he two struc- 

waves tend to develop large ampli- 
within t h e  

annel. In  t h i s  
uld be converted 

the  requirement for  a similar amplitude-versus-depth pat tern on both sides of n a i l  
22, ‘as discussed by Aki  et al, basical ly  means t h a t  m o d e s  w i l l  be selected which are 
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Figure 22.  Observed and Theoretical Phase Velocit ies of Love Waves 

insensi t ive t o  the channel. 
require the 'presence of a magma layer beneath e i the r  the eastern o r  the  western end 
of the lake. 

Thus, interpretat ion of the Love wave data does not 

On the other hand, the f ac t  tha t  the Love wave data do not require a low- 
veloci ty  layer  does not mean t h a t  no such layer e x i s t s .  Love wave dispersion over a 
limited frequency range simply i s  not capable of t e l l i n g  whether a layer is  there  or 
not. For example, Model C i n  Figure i f f e r s  from Model A i n  having a l iqu id  
layer i n  which r ig id i ty  interface a t  40 metres then acts as 
a f r ee  surface f o r  SH-w s confined en t i r e ly  to  the upper 40 

metres, yet  there  is ve e i n  velocity. Sl ight  modifications t o  
C could s a t i s f y  the  da t  n a i l  22. A low-velocity zone 
f i n i t e  r ig id i ty  ac tua l ly  lowers the phase c i t y  more because then some of the 
energy can be trapped i n  the  low-velocity . The imp-ortant point  i s  tha t ,  by 
modifying the s t r u c t u r e  above 40 a var ie ty  of combinations of .low- 
veloci ty  layer  thicknes e consistent with the data. 
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One of the most surprising resu l t  
absence of coherent Rayleigh waves. 
waves are not? Aki e t  a1 

e s  be observ 

sence of a t h in  l i q  
i t y  of the Rayleigh waves d ra s t i  t o  the Love waves so t ha t  the Ray- 
le igh wavelengths would be t o  such a degree tha t ,  re la t ive  t o  Love waves, 
they would be severely sca ted by A k i  e t  a1 is t ha t  
anisotropy exists i n  the  
jointing, because they are spaced regularly and uniformly, w i l l  a f fec t  

i c a l  cracks due t 

Rayleigh waves and Love waves ly.  On the other hand, horizontal  
iotr ibuted i r regular ly ,  and, . 

gh wave mode and n e Love wave mode, Lov 

e they a f f ec t  the shear moduli  

pagate more coherent1 

A th i rd  possible explanation Love waves are  propagating i n  a layer 
above and isolated from a liq 
waves, however, can propagate i n  a liquid: much 

low-velocity layer , 

ed within the  l iquid layer. 
i t h i n  surface layers,  they 

es which propag 

Because the  Love waves e isolated 
i ae  no information about the molten zone, while the 

be d i f f i c u l t  t o  obse 

SH-waves from'a t e  
the thickness and 

with the f a c t  t h  

a p r i o r i  knowledge t h a t  such a lens does ex i s t ,  the  a r r iva l  of SH-waves becomes an 
enigma. It  was found, however, t ha t  a viscosity of the a on the order of 10 7 
- 

This transmission 

e in the  ran 
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Aki  e t  a1 compute a transmission coeff ic ient  of 0.17 for  P-waves. However, a l inear  
array of geophones spread across the northern side of Kilauea I k i  found no decrease 
i n  amplitude of teleseismic'P-waves as f a r  a s  100 metres inside the inferred edge of 
the magma l e n s  (Fehler and A h ,  1978). 

action records as single  and double ref lect ions passing through 
two and four times. 
'a tes  P-waves, these multiple ref lect ions probably would not be observed. 
opinion, a sat isfactory explanation for the apparent a r r iva l  of SH-waves has not yet 
been advanced. 

Also, Aki e t  a1 ident i fy  l a t e  a r r iva l s  on 

I f  the magma rea l ly  is unusually viscous and 
I n  our 

There are  a number of plausible a l ternat ives  t o  the Bingham model explanation 
for the presence of SH-waves. One poss ib i l i ty  is t h a t  the waves propagate horizon- 
t a l l y  from the edge nearest the epicenter. Another poss ib i l i ty  is t h a t  some s-wave 
energy i s  converted and transmitted through the magma a s  a P-wave, then reconverted 
to . an  S-wave in  the upper crust .  
because the motion obs,erved was on a transversely oriented geophone. 
transverse cmponents were not simultaneously recorded, so the polarization of the 
wave is not actual ly  known. 
phone if the receivers were not oriented exactly perpendicular to the azimuth t o  the 
epicenter, or if the wave d id  not t rave l  the least-dis tance path, or if the  layering 
is nonhorizontal, or i f  the anisotropic or ientat ion of cracks i n  the upper c r u s t  
causes the SH- and SV-waves t o  be Coupled. A l l  of these conditions a re  probably 
sa t i s f ied .  
P-wave energy on a t  l e a s t  one of the transverse geophones ( n a i l  17S2, Figure 12 i n  
A k i  e t  a l ,  1978) and the close correlat ion between transverse and ve r t i ca l  motion 
during the a r r iva l  of the I-wave a t  another s t a t ion  ( n a i l  17S1). Any mechanism 
which allowed as much a s  10% of the S-wave energy t o  be received on the transverse 
geophones would be an  order of magnitude more e f f i c i e n t  than the t ransmit ta l  of  
I-wave energy through a viscous magma lens. 

. 

This suggestion cannot be l i g h t l y  dismissed simply 
Radial and 

There could be some SV motion on the transverse geo- 

Lending credence t o  t h i s  interpretat ion a re  the apparent observations of 

Active seismic refract ion experiments were carr ied out along both the major 
and minor axes of the lava lake. 
distance and has a very low veloci ty  of only 0.8 t o  2.2 km/s. The lowest ve loc i t ies  
were found i n  the highly cracked region near the vent In the westernmost pa r t  of the 
lake. As A k i  e t  a1 p i n t  out,  the extremely low ve loc i t ies  must  be due t o  the pres- 
ence of cracks i n  the upper c rus t  since the P-velocity of rock samples gives veloci- 
t i e s  i n  excess of 4 km/s. 
low veloci t ies .  

The f i r s t  P-arrival is rapidly attenuated with 

The near-surface cracks must  a l so  be dry t o  produce such 

Determination of P-velocities within and below the presumed magma lens r e s t s  
The on the interpretat ion of second a r r iva l s  on the explosion refract ion records. 

a r r iva l s  were ident i f ied as P-waves on the basis  of the pa r t i c l e  motions on ve r t i ca l  
and rad ia l  components. 
19781, the most convincing correlat ion between the two components was recorded from 
shot S1 a t  na i l  17N9, as  shown a t  the top of Figure 23. 
components seem to be in  phase, indicating P-type particle motion. However, most of 
the other recordings a re  much l e s s  coherent. In the t races  a t  three successive dis-  

tances shown i n  Figure 23, there  is grea t  va r i ab i l i t y  i n  the phase relationships.  
An equally plausible interpretat ion of these r e l a t ive ly  large-amPlitUder long-period 

Of the  records presented (Figures 6 and 7 i n  A k i  e t  a l ,  

The ve r t i ca l  and r ad ia l  



, r  

Figure 23. ' Comparisons* of Records From Vertical  and Radial Horizontal 
Geophones ( a f t e r  A k i  e t  a l ,  1978, Figures 6 and 7) .  "American 
Geophysical Union, 1978. Used by permission. 

s igna ls  is  t h a t  they represent the a r r iva l  of incoherent Rayleigh wave energy. 
more than one Rayleigh m o d e  is present, perhaps one guided primarily within the 

I f  

nel ,  t h e i r  interference could pro- 
s observed. The in te r -  

t i on  for the unusual lack of co- 
herent Rayleigh waves 

as P-waves is correct,,.the in te r -  - 
pretat ion i n  terms of veloci ty  s t r u c t u r e  rests on two weak points: 
and the thickness of the  low-velocity layer. 
clear. (see Figure 23 i n  t h i s  report and Figures 6 and 7. in Aki e t  a l ) .  
preceding the preferred a r r iva l  time on most of the  horizontal  records could equally 
w e l l  have been chosen and would reduce A7.by 3 0 )  or more. 

the delay time A r  
The-onset of the signal is no t  a t  a l l  

The peak 

8 discussed previously, 

P-velocity within 

s m i c  experiments 
w a s  l imited by the  d i f f i c u l t  environment. Attenuation and sca t te r ing  within the 
cracked c r u s t  and possibly within the magma i t s e l f  severely cur ta i l  the range i n  

ignals  can be received i n  an ac t ive  experiment. 
r o m  P-waves and Love wzives i n  the ac t iv  xperiments concerns the 

The primary informa- 

The for tui tous reception of nature and extent of cracking n the uppermost c rue t  
teleseismic s ignals  provided some additional constraints  on the s t r u c t u r e  of the  
lava lake,  b u t  the interpretat ion i s  uncertain without more precise control from 
ac t ive  experiments. 
t h a t  a molten reservoir  even exis ts ;  given tha t  it does e x i s t ,  there  i s  very l i t t l e  

None of the seismic experiments provides unequivocal evidence 

control on i ts  thickness or lateral extent. 
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On the other hand, the monitoring of local  seismic events which a re  apparently 
re la ted to thermal contraction phenomena above the cooling lava l e n s  has proven to 
be a useful tool  i n  delineating i t s  l a t e r a l  boundaries. More at tent ion,  however, 
should be directed toward explaining the mechanism for causing t h i s  impulsive seis-  
m i c  act ivi ty .  
with large-scale magma bodies i n  the crust .  

This may be par t icu lar ly  important i f  analog phenomena a re  associated 

A Proposed Model for the Lava Lake 

A model representing the present configuration and s t ruc ture  of Kilauea Ik i  
lava lake must embody the following constraints:  

1. The t o t a l  thickness of the present lava lake is  115 t o  120 metres 

2. Recent d r i l l i ng  has encountered m e l t  a t  a depth of 45 metres: however, it 
(Holcomb, 1976). 

was not possible t o  penetrate the melt more than 0.5 metre (Colp and 
Okamura , 1978) . 

3. Temperature logs i n  recent d r i l l  holes reveal isothermal temperatures of 
10O0C from 10 metres depth t o  33 metres, where a rapid increase i n  tem- 
perature occurs u n t i l  melt (probably 1,070 2 5OC) is  encountered a t  45 

metres (Colp, 1976). 

layer 5 metres thick and a wet, l e s s  r e s i s t i ve ,  warm layer a t  5 metres, 
extending to approximately 30 metres, underlaid by a very r e s i s t i ve  layer 
representing the top of the t rans i t ion  zone between 100.C and 1,O7O0C 
(Zablocki, 1976: Smith e t  a l l  1977). 
Love wave dispersion indicates  the amount of cracking must  decrease with 
depth. 
l e a s t  i n  the uppermost c rus t  (Aki e t  al,' 1978). 
Two-loop electromagnetic sounding data reveal a layer a t  a depth of 38 t o  
44 metres having a t o t a l  conductance of 6.86 mhos. 
Field studies on the petrology of the prehis tor ic  Makaopuhi lava lake, i n  
conjunction with thermal h is tory  calculations,  suggest t h a t  maximum 
temperatures and the slowest r a t e  of cooling a re  encountered i n  a depth 
range s l igh t ly  below the middle of the lava lake, a t  a depth from 54% t o  
60% of the t o t a l  lake thickness (Evans and Moore, 1968). 

4. Schlumberger e l ec t r i ca l  sounding data define a very r e s i s t i ve  surface 

5. 
The very low P-wave ve loc i t ies  require the cracks t o  be dry, a t  

6. 

7. 

A proposed model meeting these constraints  is shown i n  Figure 24, a1 

the geological model of Smith e t  a1 (1977). 
olivine c rys ta l s  and the upward migration of residual f lu id  eventually foming.glass  
a re  useful indicators of rheological and temperature conditions i n  the me l t - a t  
intermediate times i n  the cooling h is tory  of the lava layer ,  the authors have a l so  

Since the gravi ta t ional  s e t t l i ng  Of 

i 
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I 

VOL % 

PRESENT MODEL SMITH ET AL, 1977 
ZABLOCKI, 1976 

Figure 24.  Proposed 

shown smoothed versions 
glasses a s  observed by Moore and Evans 7) on the prehis tor ic  Makaopuhi lava 
lake. Since the prehis t  
Kilauea I k i  lava lake has a depth of t o  120 metres, the authors have simply 
expanded the depth scale  

e or ig ina l  data was ac 

h conceivably 
by expanding the origina 
the authors a re  not cer ta in  what the scaling law would be for  this complex s i tua -  
t ion ,  nor i s  it known, with any degre a t  the i n i t i a l  conditions 

us scaling law, the f ac t  i s  

ere  a t  a l l  analogous between the Mak 

t i e s  involved. 

from 5 metres 

eated steam; the  bottom w i l l  appear conductive 
as temperatures become su f f i c i en t ly  higll to ac t iva te  appreciable 

I conduction in  the rock i t s e l f  (Zablocki, 19761 Smith e t  ai, 1977). 
' Layers I V ,  V, arid V I  are a l l . i n  the so-called m e l t  zone. 



I V .  A thin zone ( t o  5 metres thick) representing a plexus of molten sills 

V. A layer having e highest temperature t viscosity,  and lowest 
interbedded with sol id  layers (Colp and Okamura, 1978) 

density of ol ivine phenocrysts from 49 
metres (modified 'from Smith e t  a l ,  1977). 

t r e e  t o  approximately 70 

t rans i t ion  zone from 1 scosi ty  melt a t ,  for  example, 70 
en into cooler melt having a lower 
uncertainty i n  the depth t o  the  

bottom of t h i s  layer (87 2 7 metres) i s  shown by the e r ror  ba 
Moore and mans, 1967). 
Solid basal t  having a temperature which, in  analogy with the calculation 
of Shaw e t  a1 (19771, gradually decreases from 1 070'C a t  the tap  of the 
layer (80 t o  9 e t res )  t o  700. or 750'C a t  the bottom of the layer (115 
t o  120 metres). 

o a c rys ta l l ine  mush, a 
of ol ivine phenocrysts. 

V I I .  

A comparison of this'model with the previous model of Smith e t  a1 (1977) shows 
tha t  the gross features pe r s i s t ,  although minor differences have been introduced i n  
the l i g h t  of geological information from the prehis tor ic  Makaopuhi lava lake. In 
par t icu lar ,  the melt layer of Smith e t  a1 which apparently consisted of a rather  
Uniform dis t r ibut ion of large sol id  blocks of more refractory material is replaced 
by Layers 1V and V of Figure 24. Layer V i s  somewhat thicker than the e l e c t r i c a l l y  
act ive wne of Smith e t  a1 and, unlike the act ive zone of Smith e t  a l ,  is not under- 
l a id  abruptly by a layer 100 times more r e s i s t i ve  but instead grades smoothly, both 
e l ec t r i ca l ly  and rheologically, i n to  a c rys ta l l ine  mush. 

The difference i n  t o t a l  thickness between the two  models i s  6f l i t t l e  conse-, 
quence, since the l l l -me t re  thickness used by Smith e t  a1 is based on an older pub- 
l ished value probably representing an  average thickness for the e n t i r e  lake, and our 
115- t o  12Oaetre  thickness represents a recent e ta luat ion by Holcomb (1976) of the 
t o t a l  thickness i n  the deepest par t  of the lake. 

* 

The Lateral Boundaries of the Lava Lens 

Both act ive electromagnetic experiments and the passive monitoring of loca l  
seismic events have served t o  define the l a t e r a l  boundaries of the lava lens. In 
par t icu lar ,  the Turam and VLF investigations of Flanigan and Zablocki (19771, along 
with additional preliminary VLF data furnished by L. Anderson (19761, have been use- 
f u l  electromagnetic techniques i n  t h i s  phase of the study. 

The monitoring of impulsive natural  seismic events was i n i t i a t e d  by K. Aki and 
B. Chouet (Chouet e t  a l ,  1976) and continued by Colp (1976b). 

*Dril l ing i n  the lava lake by Sandia i n  1978 and 1979 confirmed the basic ele- 
ments of t h i s  proposed ve r t i ca l  m o d e l ,  i n  par t icular .  the  existence of the crystal-  
l i n e  mush. The thickness of the molten layer having a low concentxation of ol ivine 
phenocrysts may have been somewhat overestimated. 
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A map (Figure 20) showing the boundary of the lava lens as  determined by a l l  
of these workers shows excellent agreement between the various methods on the nor- 
thern and eastern sides and suggests t ha t  uncertainty regarding the precise location 
of the edge of the lens l i e s  within a band from 25 t o  50  metres wide. 
there  is fundamental disagreement between the seismic and electromagnetic methods on 
the location of the western edge of t he  lens. It  may be t h a t  there  i s  only a very 
th in  l e n s  west of na i l  :!2 which can be detected electromagnetically b u t  i s  transpar- 
e n t  t o  seismic techniques. l y  be answered only by a d r i l -  
l ing  program. 
the maximum diameter i s  750 metres east-west. Moreover, the audio magnetotelluric 
investigations of Bostiak e t  a1 (1977) suggest t ha t  the en t i r e  lava l e n s  is envel- 
oped by 1 water-depleted. steam sheath. 

However, 

This question can pr 
The mininrum diameter of the lava lens i s  500 metres north-south, and 

S~ecu la t ion  on the! Thickest Portion of the Lava Lens -- The geophysical sens- 
ing experiments t o  date  have only obliquely suggested l a t e r a l  var ia t ions i n  e i the r  

A t  present it is 
f e l t  t ha t  the bes t  constradnts on where the lava lens is thickest  are  provided by 
the maximum t o t a l  thickness of the en t i r e  lava lake, as derived from subtracting 
preflow topography from present topography, and the area of maximum subsidence of 
the surface due t o  thermal contractien and Crystal l izat ion of the lava upon cooling. 

I n  Figure 21 i s  a composite contour map-in which the t o t a l  lake thickness and 

. the material character is- t ics  or the thickness of the  lava lens. 

the surface subsidence data of Holcomb (1976) a re  compared. From t h i s  comparison it 
is suspected t h a t  the melt would have a r e l a t ive ly  uniform maximum thickness over an 
area 300 metres wide andl 500 metres long, centered approximately on n a i l  17N2. 

Xn summary, it i s  
lava Lake have kovided 
t i on  and s t ructure  of a 
grea t  deal of a t tent ion 
the various methods and 
ments phould i l l u s t r a t e  

. and geological investig 
can be regarded as bein 

e l t  t ha t  the geophysical sensing experiments on Kilauea I k i  
unique opportunity t o  quant i ta t ively define the configura- 

mall-scale act ive magma body. Although i n  t h i s  report  a 
as been paid t o  assessing strengths and weaknesses of 
rcperimental r e su l t s ,  the end product of a l l  these experi- 
he value i n  closely coordinating comprehensive geophysical 
ions o f .  act ive is  respect,  the  project 
overwhelming 1 y 
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