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ABSTRACT

The Hawaiian lava lake in the Kilauea Iki pit crater,
resulting from the 1959 summit .eruption of Kilauea
volcano, has served as a natural laboratory for the con-
tinuing study of the petrology, rheology, and thermal
history of ponded molten basalt flows in the field en-
vironment. During 1975 and 1976, a series of electro-
magnetic and seismic experiments were coordinated, and
in some cases supported, by the Magma Energy Progran -t
Sandia Laboratories in an attempt to define the in-situ
geophysical properties and the configuration of the mol-
ten lava core as closely as possible. Thig effort in-
volved workers from the United States Geological Survey
(USGS), University of Texas, Massachusetts Institute of
Technology (MIT), Sandia Laboratories, and Brown Univer- -
sity. Drilling and geophysical experiments in 1976 sug-
gested that the solidified crust of the lava lake had a
cool, resistive surface layer, undersaturated with water
to a depth of 5 metres. A warm, wet layer containing

appreciable water and/or steam was-esséntially isotherm-
al (100°C) tobjg’ggtree”“rrﬁﬁ’gf to 45 metres the tem-
perature clim rapidly (from 100° to 1,070°C) until a

thin plexus. of molten sills was encountered, interbedded
with solid layers. Below this (50 metres) was apparent~-
ly 2 layer having the highest temperature, lowest visco-
sity, and lowest density of olivine phenocrysts. At 70
metres, a transition zone to a crystalline mush was in-
dicated, and finally (between 80 and 95 metres), solid
basalt extended down to the preflow surface at a depth
of 115 to 120 metres.
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GEOPHYSICAL SENSING EXPERIMENTS ON KILAUEA IKI LAVA LAKE

Introduction

In’direct response to recommendations made at the Magma Worhshop held at
’§Kailua/Kona, Hawaii '3 to 6 March 1975 “(sandia Laboratories Report,4SAND75—0306)
“the Sandia Magma Energy Project, ‘in collaboration with the United States Geologic
Survey (USGS). supported a series of geophysical sen51ng experiments during 1976 on
) Kilauea®Iki -lava-lake., ' A’ persistent theme throughout the Magma Wbrkshop was discus~- .
?_tsion on. developing and testing techniques for detecting and evaluating the physical '
' and chemical characteristics of major magma structures at depth within the earth's °
crust. As a result, a recommendation was made to test various geophysical techni-
ques on- known magma bodies such :as, Kilauea Iki ‘80 that the effectiveness of the '
different methods could be determined. ' :

A parallel recommendation of the workshop was to use geologic information
from eroded: and exhumed 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-
'temtin Kilauea"tki crater on the islandfof;Hawaii. L

" The lava lake in the Kilauea Iki plt crater resulted from the summit eruption
of Kilauea 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 guickly filled the pit crater to the level of the. eruption vent .
during a single eruptive phase lasting 7 days (Figure 2, this reporta Richter et al,
‘1970, p E5). The total lava erupted during this first phase has been estimated at
40 x 10 cubic yards. During the month following, 16 additional discrete ‘sequences
of 1ava outpouring and draining back into the vent added approximately another 10 x
.106 cubic yards. to the volume of the molten:lava pond. By 20 December 1959, activ-
ity ceased: the level of the “lake stood 110to 120 metres above the original floor,
and the lake had a diameter -of approximately 750 metres. See:EigureE3H(measurements

are ‘in feet).

Additional lava lakes have formed since 1959 along the east rift of Kilauea:

= Aloi(1962,:1965), ‘Alae (1963 1968}, ‘and. Makaopuhi {1965Y, although at present only ::

i UKilauea Iki is accessible, the. others having been covered by the eruption of 1969
: *and later (Wright et al, 1976). T
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Constraints on Lave Lens’Configuration Prior to Geophysical Experiments

. Because of their acceseibility, the three modern lava 1akes.=Ki1auea Iki
(1959), Alae (1962), and Makaopﬁﬁi\(l965), have been intensively drilled, cored,

"and sampled by the USGS and have served for a number of years as natural labora-

tories for studying the petrology, rheology, and thermal history of ponded molten
basalt flows in the actual field environment (Wright et -al, 1976).

Moredver, a considerable amount of useful background information has been
supplied through the work of Moore and Evans (1967) on the exposed, prehistoric
lava lake revealed when the present day Makaopuhi pit crater was formed, - The pre-
historic Makaopuhi lava lake is an ideal analeog to the modern lava lakeshbecause of
its similarity to the modern lakes in size and chemistry {Moore and Evans, 1967).
In a senge, the work of Moore and Evans is as essential a contributlon to the inter~
pretation of geophysical data from Kilauea Iki as is the study of exhumed fossil
plutons to geophysical measurements of deep crustal magma structures. It was logi~
cal, therefore, that the Sandia Magma Energy Project mobilize its efforts around the
knowledge of both the prehistoric and modern Hawaiian lava lakes established through
the long-term research activities of the USGS.

.The most fundamental constraint on the present confiéuration of Kilauea Iki
lava lake is the present total thickness of ‘the lava flow, both chilled and molten,
of 115 to 120 metres (Holcomb,—1976). Since 1960, 55 holes have been drilled
through the crusts of the 3 lava lakes (13 of which were drilled through the crust
of Kilauea Iki lava lake (Colp and Okamura, 1978)), Temperatures logged in these
holes, as well as total crustal thicknesses, are useful in constructing and testing
thermal history models (Peck et al, 1977). A summary'ef the results of the Kilauea
Iki holes is given in Table 1, in particular, the depth at which "melt" was encoun-
tered. It should be noted, that in this regard, the "depth to melt" is a pragmatic
term since basalt has a melting range from 980’,te 1,200°C. According to Wright et
al (1976), it is the depth at which there is a marked decrease in the rigidity of
the basalt as well as an increase in the abundance of olivine phenocrysts. This
so-called liquid/solid interface occurs at a temperature of 1,070 + 5°C,

Typical temperatures as a function of depth in recent boreholes on Kilauea
Iki are given in Figure 4 (after Colp, 1976). It is instructive to note in this
figure that temperatures are eesentially isothermal at 100°C to a depth of 33
metres (110 feet) due to the efficient circulation of me;eotic water. From 33 to

45 metres, a sharp increase in thermal gradient occurs until, at 45 metres, melt is

encountered,

Very few attempts have been made to penetrate through the melt, but this was
the specific objéCtive of the 76~1 borehole subcontracted by Sandia and supervised
by USGS personnel, This hole encountered melt at 44,7 metres, and, when an attempt
was made to push through the melt, progress was stopped by a rigid obstacle at 45.3
metres, In other words, only 0.5 metre of melt was penetrated. This fact has A
raised three possibilities regarding the drilllng results: (1) the actual molten
lava lens is only a half metre thick, (2) a thin zone or plexus of molten sills is
an inherent feature of the cooling process (a possibility favored by Colp and




Table 1 .

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

Depth
Drilling . ___Number of Holes: to Melt
Agency Date I-3716-In. dia, 2-in, dia. 3-in. dia., (£ft)
HVO ~ 4-8/1960 1 o ' 16.0
LRL © 7/1960 D , 1 19.0
HVO ~4/196 -1 29.7
HVO* ~10/1961 o 35.0
HVO 5-6/1962 41.6
HVO ' 12/1962 43.6
HVO _ 3/1967 1 85.0
HVO 5-7/1967 1 85.0
HVO . 10/1967 1 87.0
HVO 2-3/1975 3 145.0
SANDIA/HVO ~  8/1976 2 149.3
*Redrilled and ﬂeepéheq holeydtiginally in Ap:il‘19§1.
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Okamura, 1978), or (3) the drill did indeed hit the principal molten lens and then
struck a piece of foundered, more refractory material, such as a piece of stopped

crust.

It will be shown that the geophysical measurements have detected a molten
lens from 15 to 30 metres thlck, which appears to rule out the f1rst possibility
(above). On the other hand, the second possibility is very real, particularly in
view of the observation by Peck et al (1977, p 429) that a prellmlnary calculation
of the thermal history of Kilauea Iki lava lake by Tom Wright suggested a crust
that in January 1975 should have been approximately 58 metres thick. Table 1 shows
that this was at variance with the actual observation of 43 to 44 metres in holes
drilled in February 1975. Peck et al (1977)vsuggest that a possible reason for
this may be that the effect of rain water is less for cooling thick flows than thin
flows because, in thick flows, some of the flashed steam is condensed before it
reaches the atmosphere and is recycled within the chilled basalt column without
effeeﬁivelyktransferring heat to the free atmosphere. AlterhatiVely, Peck et al’
may héQe underestimated the depth to the actual molten /lens because they too have
encountered the plexus of sills that the 76-1 borehole encountered. - Undoubtedly,
rain water is less effective in transfefring heat in thick than in thin flows, but
the molten core of-ﬁhe lava lens may be somewhat deeper than indicated by the

uppermost melt accumulation.

Additional constraints on reconstructing the actual configuration of the
present—day lava lens in Kilauea Iki may be imposed from geologic: and thermal
history studies of the exposed prehistoric Makaopuhi lava lake. ‘Moore and Evans
(1976) have used the fact that significant fluctuations in the bulk rock chemistry
are due primarily to the gravitational settling of phenocrysts of olivine; this
settling in turn is controlled by the viscosity of the melt, which is a strong
function of temperature. The most differentiated part of the lake, the olivine-
depleted layer, is at a depth of 30 to 39 metres. (The lake reaches a total depth
of 63 metres.) Moreover, preliminary calculations of the thermal history of this
same lake by Evans and Moore (1968, p 111) showed that maximum temperatures were
attained at a depth of 36 metres, and, as the maximum temperature decreased in time
due to cooling, its position descended by 5 + 3 metres. Thus, according to the
field observations and thermal history calculations on the prehistoric Makaopuhi
lava lake, the highest temperatures and the slowest rate of cooling were experi-
enced at a depth of 36 to 40 metres, a depth equivalent to 54 to 60% of its total
thickness.

The Geophysical Sensing Experiments

In early 1976, a series of geophysical sensing experiments was initiated on
Kilauea Iki lava lake with the following objectives in mind:
1. Monitor the geophysical properties of laya‘in-situ,‘
2. Map the thickness and edge of the lava lens as a prelude to an extensive
drilling program, and




3. Evaluate the’ fea51bility of using geophy51ca1 methods for detecting and
delineating major magma structures in the earth's crust (2 to 10 km).

Both seismic and electromagnetic experiments were carried out by a number of people
from Sandia Laboratories, the USGS, MIT, and the University of Texas at Austin.

Table 2 prov1des a list of the types of experiments carried out.f

Table 2

Geophysical Experiments Performed
On Kilauea Iki Lava Lake

1. Dipole-Dipole Electromagnetic Induction Experiments
(Frischknect, - Zablocki, B. ‘Smith, Flanigan)

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

3. Galvanic Four-Electrode Resistivity Soundings (Zablocki,
'B. Smith) ‘

4, Audio-Frequency Magnetotelluric Profiling And Sounding
(Bostick, S. Smith, Boehl) :

5, Passive Monitoring of Seismic Noise (Aki, Chouet, Colp)

6. Teleseismic Measurements (Aki, Chouet)

7. Small-Scale Seismic Refraction Experiments Using Artific1al
Charges (Aki, Chouet) ’ '

Active Electromagnetic Experiments

The interpretation of the active electromagnetic experiments has led to quan-
titative estimates of the depth,‘thickness, and lateral dimensions of the lava
lens. It is worth reexamining the uncertainties and assumptions involved in the
interpretation because a number of ‘the conclusions are in. direct conflict with the
reported results of the seismic experiments. The following discussion separates
the suite of active electromagnetic experiments Anto two groups, those defining the
vertical structure and:those defining the lateral boundaries of the lava lens.

Vertical Sounding --. Two classes of electrical experiments were carried out
to study the vertical structure of the lava lens. Zablocki (1976) describes
Schlumberger, or galvanic, four—electrode electrical sounding ‘data obtained from
expanding . the separation between electrodes along the two lines indicated in Figure
5, VES-NS and VES-EW (VES Vertical Electrical Sounding).f During the spring of
1976, two—loop electromagnetic soundings were performed by the USGS, using a trans-
mitting loop -located as shown in Figure 5 and receiving 1oops placed first 108
metres and then 200 metres from the center of the transmitter loop.

The Schlumberger: (Galvanic) Soundings -- The Schlumberger data of Zablocki
(1976) shown in Figure 6 has contributed significantly to defining the vertical
structure of the chilled resistivevlayers above the molten lava lens. According to
Zablocki (1976), the surface layers have the configuration indicated in Table 3.

13




14

“x1IN10

~RECEIVING LOOPS
\

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

0 T T T T T T
s -
KILAUEA IKI
VERTICAL
. ELECTRICAL

2 NSa. SOUNDINGS N
o

£

£ 5|

o

z

=

5 2F

8

o N
10 F
N 5 - d
ot ' ]
) 1 i 1 1 1 [
e S 0 2 5 100 2w

o - . - AB
“ DISTANCE BETWEEN CURRENT ELECTRODES A2_,(m)

Figure 6. Kilauea Iki VES. Computed curves are for the range of parameters
summarized in Table 3 (after Smith et al, 1977, Figure 5),




-

. Table 3.
Interpretation of Schlumberger Data (after Zablocki, 1976, and Smith et al, 1977)

FREPES

Depth:to Too ‘ Resistivity

Layer Number (metres) {(ohm-metres)
1 L0 25,000
cen 2 1e0i=11,7 - 5,000 ~-7,000
3. 4.0 - 5.4 . 600
4 ;33 (40,000?)
5 - (447?) . (32)

The high resistivity of Layer 1 .ie 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 lLayer 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 al (1977) significantly constrain the interpretation of these deeper
layers. -

The Electromagnetic (Two-Loop) Soundings,:-‘During‘the spring of71976, Smith
et al:(1977) carried out a two-loop electromagnetic sounding,over the approximate

center of the lava lens at two fixed transmitter-receiver spacings, 108 and 200
metresg, Their results are summarized in Tabley4,4-Severalbleyer,paremeters»were
constrained by Smith et al in their least-squares inversion,of theielectromagnetic
data: the resistivity and thickness of the first layer (reasonably well known from
‘the Schlumberger  measurements), the thickness of the second ieyer-(essumedﬁto be a

‘ warm wet“layer), and the‘resistivity,of the third layer. . . )

The resistivity of the melt 1ayer (Layer 4) was expected to have the value
determined from a previous loop-loop . electromagnectic sounding performed in 1962,

. .when ‘the crust of the lake was only 13 metres thick., Since it is not clear whether
-the melt resistivity has changed. appreciably over ‘the ensuing ‘14 years, 2 3 ohm-_
metres may represent a lower limit on the present~day resxstivity.v What 1itt1e
1aboratory data are available on the electrical conductivity of basalt over its '
melting range, 980°C to 1,200°C, suggests that the: electrical conductivity changes
drastically in passing from the liquid to the solid state. A conservative estimate
based on data from Presnall et al (1972) and Khitarov and Sluitskiy (1965) is a
change of 3%/° ¢ in the. vicinity of A, 150'C. Murase and McBirney (1973) present data
for tholeiitic basalt leading to a value of 2. 25%/'C.‘ However, over a limited tem-
perature range, the laboratory data of Presnall et al (1972) show a change as great
as 100%/°C, or a total change from 1,200°C to 1,100°C of two orders of magnitudel
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.

15




i6

Table 4 .

‘Combined Interpretation OfvGéoelectric'Séction'Using
Schlumberger and Loop-loop Electromagnetic Sounding
(after Smith et al, 1977)

. : Depth to Top Resistivity
Laxer Number . (metres) (ohm-metres)
1 et o0 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)

V'_Smiih et al néte'thap'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, thén £he resistivity would increase by a factor of 2, and, for the same layer
conductance, a thickness of 35 metres would be required. While the interpretation
is apparently better constrained than this, the possibility that an ambiguity of
this magnitude for layer thickness should not be'hnexpected has :also been pointed
out by Frischknect (1976). '

A schematic of a conceptual model proposed by Smith et al 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
défihed'the'preséhce of (1) a relatively dry surface layer, (2) a warm wet conduc-
tiﬁé'layer (300 to 700 ohm-metres), and (3) a dry resistive layer (on the order of
40,0@076hm¥metfe9) in which temperatures are sufficiently high to drive off signif-
icant amounts of wéter vépor.v;Thé’two—loop:eléctromagnétic'meaéuréments have also
defined (4) a conductive melt, 17.5 metres thick, having a resistivity of 2.3 ohm-

metres, and (5) a dry resistive iayér:béloﬁ.

In order to reéoncilé thg:éleciromagnéti& intérpretétibn with the drilling

results ana'thermal'modelling'estimétés) Smith et al present the geological model

shown in Figure 8. The top of the principal molten lava lens is pegged to the
depth at which drilling encountered "melt." . The fact that the Sandia Laboratories
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hole KI 76-~1 penetrated only 0.5 metre of liquid befére encounfering an obstacle
may be accounted for .by a floating, more refractory portion of crust in an other-

wise liquid lava lens 17 to'18vmetres”thicka

Smith et al 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 the top crust and the,bottom crust of approxxmately 60/40.
If the top crust is 45 metres thick, then the 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. 1In contrast, the electromagnetic interpretation suggested a
thickness of 17.5 metres. To resolve this. conflict, Smith et al suggest the model
shown in Figure 8, where only the topmost portion of the liquid layer is "electri-
cally active” in the sense of haying‘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 plausibie 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 ehouid 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 63 metres, or, say, 55 metres. This
depth is 45 to 50% of the total lake thickness as compared with 55 to 60% of the
total lake thickness based upon the prehietoric Makecpuni lava lake-study of Evans
and Moore (1968). 1In short, it is felt that the active orvmostiliqnid portion of
the lava lens may be somewhat thicker -and deeper'thén.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 Zablocki (1977) have used data at 200,
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 cenier {Figure 9). The field data were
then compared with a small analog scale model in the laboratory. (Figure 10)... Melt
conductivity and thickness were inferred from the studies of Smith et al {1977), and
the depth to the melt was predicted on the basis of the drilling results {Colp and
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Figure 9.7 ‘Location of Turam Transmitter and Measurement ‘Array on Kilauea Ik1

Lava Lake (after Flanlgan and zablocki, 1977, Fzgure 1)
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Figure 10.: Schematic of Analog ‘Scale Model Tank Setup in Laboratory (after
- Flanigan and. Zablocki, 1977, Figure 5) .
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Okamura,i}978). Although the possibility existé that any inference regarding the
location of the edge of the melt zone from the Turam inﬁerpretation is inbred with
inferencesfregarding”its depth and conductance as determined by other observations,
for the aspect ratio of depth to radius of the structure considered here, these

uncertainties contribute second order effects at most.

Threé'frequencies (200, 400, and 800 Hz) were used in the actual field exper-
iment, although only results from 400 -Hz were quantltatlvely interpreted. The vari~-
ation between the results from each proflle contoured on a plane view of the lava

lake (Figure 11) suggests that the target is somevwhat more complicated than a homo-

geneous lens implanted in a homogeneous half-space. A compatison of the normalized
field ratios émdng the various profiles ghows 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) -depth to the
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 pfofiles (Figure 11), 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 £han 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 éro-
filing at very low frequencies (VLF), 23.4 kHz and 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 gquite 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 resistivify."

. The variations are less pronounced for the "parallel resistivity," which is
the 'apparent res1st1v1ty determlned from the electrxc 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 épparent feSistivitiés'uver the
interior of the lava lake and point out that one-dimensional models fitting the VLF
apparent resistivity data over the center of the lakée require the presence of a low
resistivity layer (120 ohm metres) above the molten lens, underlaid by a zone of
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Real Component of the ‘Electromagnetic Field, Kilauea Iki Lava Lake.

“The ordinate is in percent of field from an arbitrary point. The

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. Shaded region shows
the range in the field curves obtained along all nine traverses
(after Flam.gan and Zablock:l., 1977, Figure 3).
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of the East Field Traverse. The edge of the conductive model: re-
presents a field distance of 320 metres . from the center of the
transmitting loop (after Flanigan and 2ablocki, 1977, Figure 7).
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Figure 13. Apparent Resistivity Profiles Obtained Along Traverses. Circled
’ numbers show locations of conductdr edge (after Flanigan and
Zablocki, 1977, Figure 8). .

much lower resistivity, presumably the melt gzone. Apparently at these relatively
high frequencies (depth of penetration ~40 metres) the electromagnetic fields are
absorbed in a more resistive halo above the molten lens and are responding only
indirectly to the presence of the molten lens itself.

An interesting feature of the VLF apparent resistivity profiles is the fine
structure associated with the edge of the lava lens. Flanigan and Zablocki have
advanced a persuasive argument that this fine structure is associated with the
presence of a shallow convective hydrothermal cell driven by the thermal energy
released by the coéiing lava (Figure 14). Moreover, they point out that the flat
trend of apparent resistivities over the lake continues ygxggg vwhat was previously
thought to be"thevapproxim&ieveagéiofvihé lake. in suppoft of this, the authors
note that drill hole DH 75-<3; shown in Figure 14, encountéred molten lava, so that
perhaps the melt zone extends gomewhat beyond where it was previously thought t6 be,

It might be noted in passing that.the_present temperature inferred at the
prefilling crater surface appears to be -low compared with the thermal modelling
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oot

'estimates by Dallas Peck. Apparently'temperatures at this surface should be expec-

ted to stabilize at values as high as 700°C for a considerable portion of the life-

time of the molten lens: “this is higher than the value of 200' to 300°C indicated in

Figure 14.

L

Audio Megnetotelluric Measurements L .

‘During May 1976, the Electrical Geophysics Laboratory ©f the University of
Texas, Austin, performed audio magnetotelluric measurements at 20 sites in Kilauea

Iki crater (Figure 15), as well as 6 other gites over the summit of Kilauea volcano

(Bostick et al, 1977)._ These measurements gave rather unexpected results and in

retrospect demonstrate two thingsz L

4-1e The interpretation; of\magnetotellurio measurements in . three-dimensional
situations is sometimes not-a simple.extension of one- or-even two-dimen-
; sional theory and: R LR P e : : .
2 _Magnetotelluric data, even under relatively cOmplicated field conditions,
. . when properly interpreted can:lead :to insight regarding the target that
Sk e is not. attainable from other. measurements.. Sy by -

To 1llusttate the first point, Bostiok et alfcaiculated.,as part Af-a,pre-v;
field planning exercise, the plane-lSyered (one-dimensional) magnetotelluric res-
ponse for the layer parameters given in.Table 5. These estimated values were based
on electromagnetic work‘ss well as on thermal modelling calculations performed pre-
viously by USGS workers. ' : ' '
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‘:Figuré'ls{.'Lécation’bf Audio-MaghetotélluricnSites on Kilauea Iki Lava Lake
(after Bostick et al, 1977)

Table 5

'Plane-layered Model to Simulate Lava Lake {Bostick, Smith and Boehl, 1977).

Depth to Top True Resistivity
Layer Number (feet) {ohm-metres)
0 . ' - 1,000
150 2

225 - 1,000

'However, as it.turned out, the observed.data (Figure 16) quked”yéfy little
like the expected plane-layered response calculated prior to the field prQQrém; The
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'
appareﬂtly 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-
periencefwith plane-layered interpretations, the assertion that- a lens-like conduc-
tor was present would likely not have been made. - However, since»bothvdriiling and
the active electromagnetic sounding experiments‘indicate molten material at a depth
of only 40 to 45 metres, the lava lens does exist. R \

" In ofder’ to model the possible effect of the finite geometry of the lava lens,
‘Bostick ‘et al assume that their lowest frequency, 17 Hz, is of a sufficiently long
period that induction effects can be neglected and then model the responseé of the
lava lens simply as the distortion of a uniform dc~telluric field by an imbedded

Y
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Figure 16. ‘Observed Apparent Resistivities Compared with :the Theoretical
- Response of a Plane-Layered Model Having the Characteristics
Given in Table 5 (after Bostick et al, 1977)

conducting inhomogeneity. A series of straightforward, though approximate, ‘correc-

,tions accounts for the fact that the lava lens is beneath the floor of a crater-type

structure, and the final model they consider is shown in Figure 17.

The smooth curves in Figure 18 represent theoretical magnetotelluric apparent

eresistivities normalized" to values away from the crater disturbance, for 'various
_thicknesses of the lava lens in metres.” The apparent resistivities are calculated

for the electric field perpendicular to the edge of the melt and parallel to the
edge of _the melt. It should be noted that the curves for a given melt thickness

'show the greatest separation near the edge of the melt sone1 whereas, over the

center of the lens, thé theoretical curves from the two polarizations should come
together for each model. In fact, this does not seem to happen in the real data,
vhich are shown as the points in Figure 18 where the true distance of each site ‘from
17N2_is normalized by the radius of the_lava lens (275 metres) assumed by Bostick
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- Assumed Form of the Melt Zone in Kilauea Iki Lava Lake (after
Bostick et al, 1977, Figure 10)

- FPigure 17.

et al, Clearly, certain qualities of the theoretical model data are reflected in
the experimental data; for example, the separation between the parallel and
perpendicular resistivities increases with increasing distance. Nevertheless, there
can be little doubt from inspecting rigure 18 that the problem is much more compli-
cated than the simple model used in the interpretation; particularly, the observed
principal resistivity values over the center of the lake do not come together as
suggested by the model, :

. Bostick et al note that the observed minimum in apparent resistivity over the
center of the lava lake (site 17N2) is compatible with 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 to 7.6 mhos determined by Smith et al (1977) using the two-loop electromag=~

netic sounding method. To explain this discrepancy, Bostick et 2l have invoked the
possible effect of a resistive "steam” sheath surrounding the lava lens. Using
Schlumberger'souhdings, Zablocki (1976) has apparently detected such a zone directly
above the lava lens. If such a zone completely surrounds the lens, it ﬁndoubtedly
represents a very high resistance in series with the conducting lens. The net
effect would be to decrease the apparent ‘conductance that would be inferred from
surface telluric measurements, perhaps enough to reduce the apparent conductance
from 7 mhos to 2 mhoe (Bostick et al. 1977). ) c
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: Curves for Different Assumed Values of Melt Thickness (after
Bostick et al 19717, Figure 15)

. This 1n 1tse1£ is an important obsarvation because the telluric: field is con-

' yeying a great deal of information about: ‘the edges of the lava lens 4s well as about

the interface between the molten lens and the surrounding medium. Hehce, the tel-

»Iuric field measurements may have provided 2 significant ingight into aspects of the

problem which Would have had a minimal effect on loop-loop electromagnetic sound-
ings. On the other hand, the loop-loop measurements contributed an estimate of the
lens conductance vhich appears to be far less contaminated by "edge effects.”" In
this senge, the telluric measurements and the loop-loop measurements complement each
other very well, each providing information that presents a clearer picture of the

physical processes involved.
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Seismic Experiments -

Aki et al (1978) summarize the seismic data and present a model of the struc-
ture of the magma reservoir in Kilauea Iki. The lateral extent of the magma chamber
was ‘outlined by mapping the spatial distribution of seismic events within the upper
crust of the lava lake; regions of high microseiéhieity were assumed to be underlaid
at depth by a still-molten layer of lava. Through the analysis of Love and P-waves
generated by exp1051ve sources and S-waves. from teleseismlc events, it was concluded
that the magma lens is thin (less than 10 metres), with an apparent viscosity of 10’
poise, a shear velocity of about 0.2 km/s, and a P-velocity of about 0.3 km/s.

P-velocity in,the crust below the';ens is thought to be as low as 0.9 km/s.

Seismieiixwée Passive monitdring of microearthquakes within the cooling crust
revealed a'pronouhced‘decrease in the. frequency of seismic events near the edge of
the lava lake. If the events originate near the magma lens, then the falloff in
activity can be used to outline “the horlzontal extent of the magma reservoir. Two
experiments designed to detect the lateral variation in seismicity were carried out.
In one experiment (Chouet et ai} 1976; Aki et al, 1978), a single seismograph was
placed at various spots, and a simple couh@’Was made of the number of events record-
ed. A pronounced decrease in frequency of events was found north of nail 17N10 and
west of nail 22 (Figure 19). Another experiment (Colp, 1976) employed a linear
array of several geophones recording simultaneously: theiarravaas shifted to find
places where there was a sharp gradient in the number of events recorded across the
array. The locations of the arrays and the p01nts where the falloff occurs are

indicated in Flgure 19.

TEMPORARY
PASSIVE SEISMIC
ARRAY STATIONS

Figure 19. Location of Geophones for Passive Seismic Investigations in
Kilauvea Iki Lava Lake




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
; éxperiments (Figure'io). Paféicle motions of teleseiémic P-waves recorded at any
array across the northéfh"e§§e3also'have‘the appearance of beiqg,diffraéted aréund
ﬁhe edge of a magma. lens (Fehler and-Aki, 1978). However, the falloff in seismicity
ﬁo the west of nail 22 1lies wéil'wi£hin,£he bounds of the lens determined electro-
magnetically. Either the edge actually iéﬁné;r.hail 22, as the seismicity ‘suggests,
br a factor other than tpeféxtent of the magma body controls the level of seismic
activity, at:1e§s£ locally. We‘favor_the latter explanation. o

‘Thelmicrbea}thquakes‘are'ﬂqt difect1y~és50ciated with magma:; they accompany
cracking induced_§Y~thefma1‘strééses'as‘the basa1t_coo1s~and contracts .in the tem-
perature range 900°C to ﬁmbien€ (Peék and Minakami, 1968). The amount of cracking
may be very SenéitiVerfd'§§ﬁer;f5¢tors. Peck and Minakami found a pronounced diur-
nal variation in the frequencyiof événts over ‘a:recording period of 2 months, with a
maximum around midnighﬁyahd 5Jminimﬁmvof a factor of 3 smaller around noon. They
speculated that expatision and contraction associated with ‘diurnal temperature fluc-
‘tuations may trigger the growth of preexisting ‘cracks. The amount of cracking :is
also affected by differential subsidence of the crust of the.lake.: Although the
total subsidence ofvﬁhéféurface.over the entire lifetime of.the lava lens shows a
very regular pattern (Figure 21}, the history of subsidence ie both spatially and
temporally nonuniform. : In some”lava«lqkes; there*are alternating patterns of sub-
sidence and uplift (Wfiéhﬁ“ef'al,‘1976§; ‘In Kilauea Iki, the pattern from September
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- ‘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 (after Holcomb, 1976)

1964 to August 1965 (Peck and Minakami, 1968) was substantially different from the

cumulative pattern shown in Figufe 21. The specific factor respongible for the
decrease in seismicity to the west of nail 22 could be related to the existence of

long parallel joint cracks, which might alter the way in which local thermal con-
traction is accommodated. The site at which the .fewest events were recorded is
located directly within' the area of these large joint cracks (Figure 19), and the

- number of events recorded increases again to the west of this spot. Thus, we sug-

gest that the decrease in the number of events to the west of nail 22 may not be be
associated with the edge of the magma lens.

Surface Waves -- One of the most impoftant data sets, the observations of Love
wave dispersion, is used in three primary ways: :

1. The decrease in phase velocity from the west to the east at about nail 22
is cited as evidence ‘suggesting the presence of a magma chamber beneath
the eastern section which is absent to the west. -

2. Assuming that the magma chamber does terminate at nail 22, the -efficient
transmission of Love waves across the boundary requires a low impedance
contrast, indirectly suggesting that the molten layer may be thin.

3. When a thickness of the molten layer is assumed given by other evidence,
Aki et al claim that the dispersion can then be used to calculate the
shear velocity within the layer. : : : i :

Records of Love waves made by transverse horizontal geophones. along the major
axis of the lava lake show apparent velocity fluctuations along the profile. Some




statistical tests of significance have been applied to the alternate hypotheses that
velocity is uniform along the linear. array, -or that-velocity is different in the
eastern and western halves of. the profile., For the Love waves generated by a shot
at the western end of the lake (Figure 10 in Aki et al, 1978), the phase velocity in
the eastern half of the profile is. significantly slower than the phase velocity in
the western half, The exact position of theichange?in velocity is not well-defined:
Aki et al show the change occurring at nail 20, although a change at nail 22 fits’
the data equally well. A similarwprofile-with~a ghot at the eastern end of the lake
shows no significant difference in velocity. Any real change in 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 in the second
experiment. The longer period waves penetrate deeper and may,beﬂless sensitive to
changes in depth or degree of cracking of the near-sur face layers.

The Love waves shovinormal dispersion, i.e., the phase velocity increases with
increasing period. .In order to produce a normally dispersed wave in the period
range observed, there has to be an increase in shear velocity with increasing depth

somewhere in the uppermost 20 to 40 metres of the. crust. Presumably, this increase
in velocity is caused by a decrease in the amount of cracking with depth.

Love wave data, even covering a much broader frequency rengeﬂthan measured in
Kilauea Iki, are notorious for lack of information about the structure. In the
period range 0.11 to 0.16 second, Love waves can be expected to supply only one
piece of information, sufficient to resolve the velocity but not the thickness of a
single layer over a half-space. More layers can be included and are likely to
exist, but cannot be resolved. Although Aki et al (1978) acknowledge the non-
uniqueness of the. inversion. it 1s worthwhile. emphasizing this problem in more
detail. :

Model A in Figure 22, which is similar to Model A in Figure 11 in Aki et al
and which consists of a single layer over ‘a half-space, satisfies the dispersion
west of nail 22 reasonably well. East of nail 22, Aki et al modelled the dispersion
with four 1ayers over a half-space, including a low-velocity layer immediately above
‘the half-space. Model B-in Figure 22 demonstrates that the only change in Model A
required to fit the data east of nail 22 is a slight lowering of velocity in the
surface4layer.r Many other minor changes. in Model A can also satisfy the data, e.g.,
_an increase in thickness of the surface layer without a decrease in its velocity.
‘,with only a minor change in structure from west to east, such as that indicated in
\Models A and B, the requirement for low impedance contrast between the two struc-'.
.. tures is automatically satisfied without having to resort to mode conversion or
V:limitations on the thickness of a low-velocity 1ayer. When there is . a thick low-

velocity channel .present, fundamental mode Love waves tend to develop large ampli—
'tudes within the channel, thus,producing 2 mismatch in the amplitude-versus-depth f
functions at the transition o a structure with no low-velocity channel. ‘In this
‘case, as. the Love wave entered the zone, containing the magma, it would be converted
to a higher mode wave Which has relatively little amplitude in the channel. Thus.
the requirement for a similar amplitude-versus-depth pattern on voth sides of nail
22, ‘as discussed by Aki et al, basically means that modes will be selected which are
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Figure 22. Observed and Theoretical Phase Velocities odeove Waves

insensitive to the channel. Thus, interpretation of the Love wave data does not ,
require the presence of a magma layer beneath either the eastern or the western end ’
of the lake. :

On the other hand, the fact that the Love wave data do not require a low-
velocity layer does not mean that no such layer exists. Love wave dlspers1on over a
limited frequency range simply is not capable of telllng whether a layer is there or
not. For example, Model C in Figure’' 22 differs from Model A in hav1ng ‘a’ 1iguid '
layer in which rigidity is reduced to zero. The interface at 40 metres then acts as
a free surface for SH-waves. Love wave motion is conflned entirely to the upper 40
metres, yet ‘there is very 1little change in velocity.‘ Slight modifications to Model
(o] could satisfy the data e1ther east or west of naxl 22, A low-veloc1ty zone with
f1n1te rig1d1ty actually lowers the phase velocity more because then some of ‘the
energy can be trapped in the low—velocity zone. “The 1mportant point is that, by
modlfylng the structure above 40 metres depth. a varlety of combinations of low-“
veloc1ty layer thickness and veloclty can be made con51stent with the data.




One of the most surprising results of the active seismic experiments is the
J'absence of coherent Rayleigh waves. Why should Love waves be observed when Rayleigh
qwaves are not? Aki et al have suggested that the reason for this may be two—fold.
The presence of a thin liquid lava _layer could preferentially lower the phase veloc—

ity of the Rayleigh waves drastically relative to the Love waves so that the Ray—
leigh wavelengths would be shortened to such a degree that,‘relative to Love waves,

~ they would be’ severely scattered. The second reason suggested by BAki et al is ‘that
7‘an1sotropy exists in the distribution of cracks. Vertical cracks due to ‘columnar
jointing, because they are spaced regularly and uniformly, will affect the elastic
moduli of both Rayleigh waves and Love waves equally. On the other hand horizontal
cracks’ may be distributed irregularly, and, because they affect the shear moduli
controlling only the Rayleigh wave mode and not the Love wave mode, Love waves can
’propagate more coherently.

, ‘A" third’ possible explanation is that Love waves are propagating in a layer
above and isolated from a liquid. low—velocity layer, as 1n Model C. Rayleigh )
waves, however, can propagate within a liquid:' much ‘of their energy may be trapped

-and attenuated within the liquid layer. Because the Love waves may be isolated
iw1thin surface layers, they provide no information about the molten zone, while the
Rayleigh waves which propagate within the zone may be difficult to observe.

: Body Waves - An unexpected result of the passive seismic experiment is the
arrival of SH-waves from a teleseismic event, apparently transmitted through the
lava lake. Aki et al use this observation to place constraints on the thickness and
v13cosity of the magma lens. Again, their interpretation is highly nonunique. A
naive observer might simply assume that the transmittal of an SH signal, coupled
with the fact that the Love wave data can be £fit without a low-velocity zone, in-
dicates that there is no molten lens remaining anywhere within the lake. Given the
a priori knowledge that such a lens does exist, the arrival of SH-waves becomes an
enigma. It was found, however, that a viscosity of the magma on the order of 107
pOLse allows some transmittal of shear energy. With additional assumptions, a
transmission coefficient (T) of about 0.014. was found for a 30—metre-thick layer.

'This transmission coefficient is apparently considered too low. However, a value
- for T of about 0. 03 was calculated for a lO-metre layer and was accepted.h A
;difference factor of 2 when the size of the input signal is not known cannot be t
.considered a satisfactory discriminant.!ﬁpy o

If T is on the order of 0. 03, their model is internally inconsistent. Since
most reported values of viscosity for basaltic magmas are in the range 10”7 to 105
. p01se, the authors 1nvoke the Bingham body model of viscosity to justify the vig-
‘cosity of 107 poise needed for transmission of SH-waves. In an experiment by Shaw
et al (1968), basaltic magma was found to exhibit a viscosity of 103 to 104 poise,:
only above a finite yield stress, measured in two cases at 700 and 1, 200 dynes/cm2
‘ Aki et al point out that 10 -3 cm amplitude of the signal received corresponds to a
stress of about 180 dyne/cm . well below the yield stress. However, if “the trans-
miss1on coefficient is on the order of 0. 03, the incident wave would involve stres-
ses about 33 times larger, well above the yield stress.\ With a viscous magma, P-

bwaves should also be attenuated., Given the 10—metre layer and a frequency of 10 Hz,
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Aki et al ~compute a transmission coefficient of 0.17 for P-waves. However, a linear

‘_array of geophones spread across the northern side of Kilauea Iki found no decrease
iin amplitude of teleseismic P-waves as far as lOO metres inside the inferred edge of

the magma lens (Fehler and Aki 1978). Also, 2ki et al identify late arrivals on

'refraction records as single and double reflections passing through the molten layer

two and four times. If the magma really is unusually viscous and therefore attenu-

‘ates P~waves, these multiple reflections probably would not be observed. In our

opinion, a satisfactory explanation for the apparent arrival of SH-waves'has not yet
been advanced. ' ' -

There are a number of plausible alternatives to the Bingham model explanation
for the presence of SH-waves. One: possibility is that the waves propagate horizon-
tally from the edge nearest the epicenter. Another possibility is that some S-wave
energy is converted and transmitted through the magma as a P—wave, then reconverted
to an S-wave in the upper crust. This suggestion cannot be lightly dismissed simply

Abecause the motion’ observed was on a transversely oriented geophone. Radial and
‘transverse components were not simultaneously recorded, so the polarization of the

wave is not actually known. There could be some sv motion on the transverse geo-
phone if the receivers ‘were not oriented exactly perpendicular to the azimuth to the
epicenter, or if the wave did not travel the least-distance path, or if the layering
ie nonhorizontal, or if the anisotropic orientation of cracke in the upper crust
causes the SH~ and SV-waves to be coupled. All of these conditions are probably
satisfied. Lending credence to this interpretation are the apparent observations of
P-wave energy on at least one of the transverse geophones (nail 1752, Figure 12 in
Aki et al, 1978) and the close correlation between transverse and vertical motion
during the arrival ‘of the S-wave at another station (nail l7sl). Any mechanism
which allowed as much as 10% of the S-wave energy to be received on the transverse
geophones would be an order of magnitude more efficient than the transmittal of

-

S-wave energy through a viscous magma lens.

Active seismic refraction experiments were carried out along both the major
and minor axes of the lava lake. The first P-arrival is rapidly attenuated with
distance and has a very low velocity of only 0.8 to 2.2 km/s. The lowest velocities
were found in the highly cracked region near the vent in the westernmost part of the
lake. As AkiAet al point out,'the extremely low velocities must be due to the pres-
ence of cracks in the upper crust since the P-velocity of rock samples gives veloci-
ties in excess of 4 km/s. The near-surface cracks must also be dry‘to produce such

"low velocities.

Determination of P-velocities within and below the presumed magma lens rests
on the interpretation of second arrivals on the explosion refraction records. The
arrivals were identified as P-waves on the basis of the particle motions on vertical
and radial components. Of the records presented (Figures 6 and 7 in Aki et al,
1978), the most convincing correlation between the ‘two components was recorded from
shot S1 at nail 17N9, as shown at the top of Figure 23. The vertical and radial
components seem to be in phase, indicating P-type particle motion. However, most of
the other recordings are much less coherent. In the traces at three successive dis-
tances shown in Figure 23, there is great variability in the phase relationships.

An equally plausible interpretation of these relatively large-amplitude, long-period.
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Figure 23, 'Comparisons of Records From Vertical and Radial Horizontal
: Geophones (after Aki et al, 1978, Figures 6 and 7).. ©American
”_Geophysical’Union!‘1978. Used by permission. .

signals is that they represent the arrival of incoherent Rayleigh wave energy. If
more than one Rayleigh mode is’ present, perhaps one guided primarily within the
upper crust and another within a 1ow-velocity channel,. their interference could pro~
duce the pronounced phase and amplitude variability which As observed. The inter-
ference of two modes could also be another explanation for the unusual lack of co-
herent Rayleigh waves noted earlier. L

If the identification of the .later arrivals as P-waves is correct,.the inter-
pretation,injterme/of;velocity_struoture,rests on two ‘weak points: the delay time AT
and the‘thickness of the low-velpcity layer,: The-onset of the signal is not at all
clear: (see Figure 23'in thie report and Figures 6 and 7. in Aki et al). - The peak
preceding the preferred arrival time on-most. of the horizontal records could‘equally
well have been chosen and would reduce AT:by-30% or more. As discussed previously,
constrainte on the thickness of- the’ 1ow-velocity zone .are very weak. By assuming a
thinimolten layer, the authors are forced .to .accept both very low P-velocity within
the magma and low.velocities in the crust:beneath the lens: - ‘

. Summary of Seismic Experimente -- The resolution of the seismic experiments
was: limited.by the difficult environment.v Attenuation and: scattering‘within the
cracked crust and possibly within the ‘magma itself severely curtail: the range in
which clear. signals can .be received: in an active experiment. The primary informa- .
tion gained- from P-waves ‘and:Love:waves. in the. active. experiments concerns the
nature and ‘extent ofﬂcracking in the .uppermost crust. :The fortuitous,reception of
teleseiemic signals provided some additional constraints on the structure of the
lava lake, but the interpretation is uncertain without more precise control from
active experiments.4 None of the seismic experiments provides unequivocal evidence
that a molten reservoir even exists: given that it does exist, there is very little
control on its thickness or lateral extent.
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On the other hand, the monitoring of local seismic events which are apparently
related to thermal contraction phenomena above the cooling lava lens has proven to
be a useful tool in delineating its lateral boundaries. More attention, however,
should be directed toward explaining the mechanism for causing this impulsive seis-
mic activity. This may be particularly important if analog phenomena are associated
with large-scale magma bodies in the crust.

A Proposed Model for the Lava Lake

A model representing the present”cohfiouration and structure of Kilauea Iki
lava lake must embody' the followiﬁg constraints:

1. The total thickness of the present lava lake is 115 to 120 metres
(Holcomb, 1976). v

2. Recent drilling has encountered melt at a depth of 45 metres:; hOWever, it
was not possible to penetrate the melt more than 0.5 metre (Colp and -

. Okamura, 1978). ’

3. Temperature logs in recent drill holes reveal isothermal temperatures of
100°C from 10 metres depth to 33 metres, where a rapid increase in tem-
perature occurs until melt (probably 1,070 + 5°C) is encountered at 45
metres - (Colp, 1976). ' ‘

4. Schlumberger electrical sounding data define a very resistive surface
layer 5 metres thick and a wet, less resistive, warm layer at 5 metres,'
extending to approximately 30 metres, underlaid by a very resistive layer
representing the top of the transition zone between 100°C ‘and 1,070°C
(Zzablocki, 1976: Smith et al, 1977).

' 5. Love wave dispersion indicates the amount of cracking must decrease with

' depth. The very low P-wave velocities require the cracks to be dry, at
least in the uppermost crust (Aki et al, 1978).

6,  Two-loop electromagnetic sounding data reveal a layer at a depth of 38 to
44 metres having a total conductance of 6.86 mhos. : T

7. ~Field studies on the petrology of the prehistoric Makaopuhi lava lake, in
conjunction with thermal history calculations, suggest that maximum
temperatures and the slowest rate of cooling are encountered- in -a depth
range slightly below the middle of the lava lake, at a depth from 54% to
60% of the total lake thickness (Evans and Moore, 1968).

A proposed model meeting these constraints is shown in Figure:24, along with
the geological model of Smith et al (1977). Since the gravitational settling of
olivine crystals and the upward migration of residual fluid eventually forming glass
are useful indicators of rheological and temperature conditions in the melt-at
intermediate times in the cooling history of the.lava layer, the authors have also
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Fighre~24.‘ Proposed Model of Vertical Section through: Kilauea Iki Lave:Lake

fshown:shoothed versions of the concentrations of polivine phenocrysts and residual-
glasses-as observed by Moorecand_Evans}(i967) oh;thevprehistoric_Makaopuhi lava
lake. 'Since the prehistoric lava lake had a depth of 67 metres and the present
Kilauea Iki lava 1ake has a_depth of, 115 to 120 metres, the authors .have simply
expanded ‘the depth scale of Moore and Evans by a linear factor of. 115/67. Smoothing
of the original data was accomplished using visual three-point .averages.

Altﬁodgh conceivably the depths_shown in‘Figure‘24 shoold have been‘arrived at
by expanding the original depths according to some rigorous scaling law, the fact is
the authors are not certain what the scaling law would be for this complex situa-
tion, nor ‘is it known, with anykdegree]ofacertainty, that the initial conditions.
were at all analogous between the Makaopuhi prehistoric flow and the present-day
~'Kilauea Iki lava lake. . The authors: feel that a linear scaling factor is.the most
sophisticated that should be . used in light of the- uncertainties involved,.

. The model in Figure 24 has the following layersz'

B o5 A dry," resistive surface layer from the surface\@o approximately ‘5" metres
(Zablocki 1976). i '
SII. A warm, wet layer ‘at IOO'C, containing appreciable water and/or steam
, from 5 metres- ta a depth of 33 metres: (Zablocki, 1976). : »
III. A transition 1ayer from 33 to 45 metres over which temperatures increase
from 100° to 'l %70’C. The top of this layer will appear resistive as
“water is flashed as superheated steam; the bottom will appear conductive
. as.temperatures become sufficiently. high to activate appreciable
- conduction in the rock itself (Zablecki, 1976; Smith et al, 1977).
”Layers IV, V, and VI are all in the. so-called melt zone. :
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IV, A thin gzone (to 5 metres thick) representing a plexus of molten sills
interbedded with solid layers (Colp and Okamura, 1978).
v, A layer . having the highest. temperature,:lowest viscosity, and lowest
'deensity of olivine phenocrysts from 49 '+ 2 metres to approximately 70
metres (modified from smith et al, 1977).
VI;';A smooth transition zone from low—viscosity melt at, for example, 70
© - metres to a crystalline mush, and then into cooler melt having a2 lower
density of olivine phenocrysts. The uneertainty in the depth to the
' bottom of this layer (87 + 7 metres) is ghown by the error bar (after
. ~-Moore ‘and Evans, 1967). :
VII. Solid basalt having a temperature which, -in analogy with the calculation
of Shaw et al (1977), gradually ﬁecreases from 1 070°C at the top of the
_layer (80 to 95 metres) to 700° or 750°C at the bottom of the layer (115
to 120 metres). S L ' o
A comparison of this model with the previous model of Smith et al (1977) shows
that the gross features persist, althOugh minor differences have been introduced in
the light of geological information from the prehistoric Makaopuhi lava lake. 1In
particular, the melt layer of Smith et al which apparently consisted of a rather
uniform distribution of large solid blocke of more refractory material is replaced
by Layers IV and V of Figure 24. Layer V ig somewhat thicker than therelectrically
active zone of Smith et al and, unlike the active zone of Smith et al, is not under-
laid abruptly by a layer 100 times more resigtive but inetead grades smoothly, both
electrically and rheologically, into a crystalline mush.

The difference in total thickness between the two models is of little conse-

“quence, since the lll-metre thickness used by Smith et al ie based on an older pub-

lished value probably representing an average thickness for the entire lake, and our
115- to 120-metre thickness represents a recent evaluation by Holcomb (1976) of the

"total thickness in the deepest part of the lake.

The Lateral Boundaries of the Lava Lens

Both active electromagnetic experiments and the passive monitoring of local
seismic events have served to-define the lateral boundaries of the lava lens. In
particular, the Turam and VLF investigations of Flanigan and Zablocki (1977), along
with additional preliminary VLF data furnished by L. Anderson (1976), have been use-
ful electromagnetic techniques in this phase of the study.

. The monitoring of impulsive natural seismic evente was initiated by K. 2ki and
B. Chouet (Chouet et al, 1976) and continued by Colp {(1976b).

Drilling in the lava lake by Sandia in 1978 and 1979 confirmed the basic ele-
ments of this proposed vertical model, in.particular, the existence of the crystal-
line mush., The thickness of the molten layer having a low concentration of olivine
phenocrysts may have been somewhat overestimated.




A map (Figure 20): showing the boundary of the lava lens as determined by all
of these workers shows @xcellent agreement between the various methods on the nor-
thern and eastern sides and suggests ‘that uncertainty ‘regarding the precise location
of the edge of the lens. lies ‘within a band from 25 to 50 metres wide. However, -
there is fundamental diuagreement between the seismic and electromagnetic methods on
the location of the western edge of the lens. It may be that>there is only a very
thin lens west of nail 22 which can be detected electromagnetically but is transpar-
ent to: seismic techniques. This question can probably be answered only by a aril-
‘1ling program. The minimum diameter of the lava lens is 500 metres north-south, and .
the maximum diameter isg 750 metres east-west. Moreover, the audio magnetotelluric
investigations of Bostick et al (1977) suggest that the entire 1ava lens is envel-
oped by a water—depleted steam sheath. ’ :

Speculation on the Thickest Portion of the Lava Lens == The geophysical gens-
ing experiments to date have only obliguely suggested lateral variations in either
the material characteristics or the thickness of the lava lens. At present it is
felt that the best constraints on where the lava lens is thickest are provided by
the maximum total thickness of the entire lava 1ake, ‘as derived from subtracting
preflow topography from present topography, and.the area of maximum subsidence of
the surface due to thermal contraotion and crystalliration of the_iava upon cooling.

In figure 21 is a;composite,contour map:in which the total lake thickness and
the surface subsidence data of Holcomb :(1976) are compared. - From this comparison it
is suspected that the melt wouldlhave‘axrelatively uniform maximum thickness over an
area 300 metres wide and/SOO metres long, ‘centered approximately on nail 17N2.

In: summary, it is felt that the geophysical sensing experiments on Kilauea Iki
lava lake have provided % unique opportunity to quantitatively define . the configura-
tion and gtructure of a small—scale active magma body. Although in this report a
great deal of attention has been paid to assessing the strengths and weaknesses of
the various methods and experimental results, the end product of all these experi-
ments should illustrate.ithe value in closely coordinating comprehensive geophysical
and geological investiga%ions of: active magma systems. In this respect. the project
can be regarded as being overwhelmingly successful, | : ; :
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