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Map‘pi'n‘g Thermal Anomalies on an Active Volcano by the

Self-Potential Method, Kilauea, Hawaii

CHARLES) ZABLOCKE
U.S. Geological Survey, Hawauan Volcano Observatory, Hawaii National Park Hawau 96718, USA-

ABSTRACT

Surface mecasurement of self-potential (SP) on Kilauea
Volcano appears to be the single most useful geophysical

method for identifying and delineating thermal anomalies

relnted 1o concealed magma reservoirs and still-hot intrusive
zones. Positive potentials, as high as 1600 mV across lateral
distances of a kilometer or less, are developed not only
over known fumarolic areas and recent eruptive fissures but
also in areas that have no surface thermal manifestations.

~ The SP method excels because of: (1) the higher surface

resolution of the causative heat sources, (2) the smooth
distribution of the measured potentials (that is, insignificant
short-wavclength *“*noise®” polentials); and (3) the simplicity
and relutive speed of measurement.

Evidence supporting an electrokinetic origin for the large

. anomalies is that:

1." Top-of-source-depth determinations of the S.P. anoma-
lies are shallow, coinciding with local water tables (<500
m), and may result from the horizontal divergence of the
cooling, convective water rising above the de(.per heat
sources:

2. Lateral boundaries of an §.P. anomaly above a suspected
magma reservoir coincide with the epicentral distribution
of carthquakes at depths of 2 to 3 ki and can be explained
by collimation of the hydrothermal fluids by vertical gravita-
tional forces.

3. All anomalies have a positive po!.mly over known or
inferred hot zones, suggesting preferential adsorption of
anions or other means of effecting the differential displace-
ment of cutions from anions.

4. Small negative potentials associated with some anoma-

- ey

-

lies are thought 1o reflect the descent of cooler waters in
the convective system.

The SP technique is not only a powerful tool for mapping
hot areas on an active volcano but also may provide insight
into the dynumic workings of geothermal systems,
INTRODUCTION

In recent years, the U.S. Geo!oglca! Survey has been

developing an electrical-magnetic (E-M) geophysical pro-
gram at_the Hawaiian Volcano Observatory to assess thg:
apphcabxhty of various E-M mwethods as effective and.;‘_

- practical tool$ in-studying Kilavea Volcano. The nature of

Kilauea, a shield volcano, makes if particularly. suited to

many types of geophysical studies becavse: (1) it has 2
rclatively simple geologic structure; (2) it- is composed -

exclusively of tholeiitic basalts grossly uniform in composi-
tion; and (3} it is. in a dynasmic state, having erupted, for
example, at six different locations from 1972 through 1974.
Moreover, because Kilauean eruptions are frequent and

nonviolemt, muny scientific studies have been carried out

over the years, making Kiauea perhaps the most intensively
studied volcano in the world.

Previous electrical studies of Kilauea have demonstrated
the atility of electromagnetic, mutal-impedince measure-
menis for determining the depth to, and the electrical
conductivity of, ionically conductive molten magma at
shallow depths in ponded lava lakes (Frischknecht, 1967,
p. 18; Andcrson, Jackson, and Frischknecht, 1971) and in
delineating shallow active Java tubes using a VLF radio-wave
technique (Anderson, Jackson, and Frischknecht, 1971).
Deeper- pcnclr.ning {using large iransmitter-receiver spac-

“ings) galvanic and induction methods also have been used

to define the geoelectric section to deths greater than 1
km in some areas of Kiliuea for example, see Keller and
Rapolla, 1974). Results from some of these studies showed
that conductive zones exist at relatively shallow depths (<1
km) which are thought to be caused by the influence of
hot mineralized waters above deeper hot intrusions.

These previous. studies provided a firm base from which
to further pursue E-M investigations. Early in the investiga-
tive program, an attempt was made 1o determine whether
deteciable differences in surface spontancous potential (SP)
coincided with known fumarolic areas. This objective was
prompted by the desire 1o 1est methods that had not been
previously applied and also by the observation that large
steady-state potential differences existed across grounded
electrodes in a telluric current monitoring study made in
1964 (Keller and Frischknecht, 1966, p. 206). It quickly
became apparent that there were not only obvious correla-
tions between self-potential anomalies and thermal areas,
but also that the anomaly magnitudes were exceptionally
large. These initial findings encouraged additional studies
over the past two years. We now. have mapped most of
the summil region of Kilauca and parts of its two rift zones,
a total area encompassing approximately 100 km?. The
results of these studies unequivocably demonstrate that the
SP method is the single most effective geophysical method
for defineating thermal areas on Kilauea Volcano and that
it provides valuable insight into the dynamnc cruptive aspects

- of this very active volcano.
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Figure 1. Index map showing the major structural features of Kilauea Vaolcano in the area studied. Shaded areas approsimately’
delimit the self-potential anomalies shown in Figure 2; Jocation and extent of three vertical eleciic soundings (VES} indicated
by dash-dot lines; location of the 1262-m-deep drill hole (Zablocki et al.,, 1974) indicated by dotied circle.

Geologic Setting

Kilauca, a broad shicld volcuno locuted on the southeast-
ern part of the island of Hawaii (Fig. 1), lurgely consists
of a serics of thin, tholciitic basaltic flows, Al its summit
is a large caldera, approximately § kin long and 3 km wide,
from which rift 2ones extend southwesiward and eastward
to the ocedn. Eruptions have-taken place primarily in the
summit area and aiong these sift zones, which are marked
by lincar fissures, pit craters, and cinder cones. Unlike the
fairly straight alignment of the southwest rift zone, the upper
cast rift zone trends southeast from the caldera for about
§ km 10 intersect the east end of the Koae fault system;
it then bends sharply in an east-northeast direction and can

be traced offshore for about 60 km beyond the casternmost

tip-of the islund (Moore, 1971). The Koae fault system
(Dufficld, 1975), is a major structural feature, whase west
end merges with the southwest rift zone about 10 km
southwess of the caldera. ;
Ground-deformation and seismic data have strongly sug-
gested that the mugma thst feeds the many eruptions al
the sunimit and its two rift zones are supplied from s shallow
(3 10 4 km} rescrvoir complex beneath Kilaves Culdera
(Eaton, 1962; Fiske and Kinoshita, 1969). This reservoir
in turn is thonght to be supplicd by magma generated a
a depth of 40 km or more in the upper mantle. Similar
types of cvidence further suggest that flank cruptions,
particularly along the ‘east rift in recent years, are fed from
the summit reservoir via a well-established shallow Interal

conduft, ; :
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MAPPING THERMAL ANGMALIES BY THE SELF-POTENTIAL METHOO

Figure 2. Contour map of the self-potential distribution over the surface of the same arca shown in index map (Fig. 1).
Contour interval is 0.1 V; values and polarities are arbitrarily referenced 1o zero contours shown; hachures indicate closed
. lows; shaded areas are the same as shown in Figure 1. :

Previous Applications of the Method

The megsurement of static potential differences ulong the
ground surface is one of the oldest, and probably least
successful, of the geophysical methods currently in use.
Its persistence as an exploration 100l over the years is due
in part 10 its comparatively struightforward, fast, and in-
expensive application. The mimber of reported incidents
in which sulfide deposits, for example, have been delineated
uniquely by measuring the potentials developed from strong

onidation-reduction reactions are relatively few, largely

because of the many restrictive clectrochemical conditions
required to produce definitive potentials a1 the surface (Sato
and Mooney, 1960). Some examples of favorable results
from SP studies in mincral exploration are cited in Sato
and Mooney (1960), Corwin (1973), and Parasnis (1973).

The application of this technique to ground-water problems
has been limited becuuse the potentinls are usually small
and irregular. The recognized sources of potentials in hydro-
logical studies are ull fundumentally relaied to processes
that can produce a spatia} scparution or displacement of

_various ionic specics (polarization) in the electrolytic medium

such as diffusion. diffusion-zdsorption, or electrofiliration.
By far the greatest application und theorctical development
of SP has been in formation-evaluation studies from oil-well
logs. Besides its wiility in lithologic correfations, the SP
borchole log is used for quantitative determinations of pore .
water resistivities that in turn provide vital porosity and
water foil saturation values (Schlumberger, 1958).

As an exploration tool in geothermal arcas, only a few
resulis from self-potential surveys have been reported.
White, Thompson, and Sandberg, (1964) measured some


file:///alues
http://becau.se

s A TS e o ey § 90 8 . R

TS - . CRRARIFS t ZaRi O

small- amp!nudc irregular anomahas both positive and neg-
ative in polarity, that could not be correlated with known
geologic features in their studies.of. the Steamboat Springs
thermal area of Nevada. Banwell (1970) suggested that SP
studies may be useful as a survey techmique in locating
and delineating thermal areas on the basis of his recognition
of anemalousty high buckground potentials while making
resistivity surveys in thermal areas. Similarly, Corwin (1973)
recorded some self-potentials that were above background
noise near Punta Banda, Mexico, that appeared to cosrelate

with nearby hot-spring activity. Studies in the Otake geo- -

thermal area of Japun (Onaodera, 1974) appear to be nondi-
agnostic because the resulting small-amplitude anomalies of
both polarities were concluded to be caused by oxidation-
reduction, electrofiltration, or topographic effects. The best
correlation between SP and a known geothermal area report-
¢d to date is that determined within Yelowstone National
Park by Zohdy, Anderson, and Muffler, (1973). Although
only one SP profile was made, a small positive anomaly
appeared 1o delimit the edges of the geothermal field better
than resistivity und induced polarization profiles, The Jargest

potentials obscryed in all these cited examples are typically

less than SO mV in amplitude. Recently, Anderson and
Johnson (1973) reported a broad dipolar anomaly of about

- 900 mV peak-to-peak in magnitude ncar the area of Caso

Diablo hot springs, Long Valley, California, and even larger

SP gradients near the perimeter of the caldera. They attri- -

huted these anomilies to a streaming potential generated
by the movement of heuted ground waters and suggested
that the lack of good corrclation with other types of electrical
surveys made in this area may have been due to a thermal
zone 100 deep 1o have been detected by other methods,

" _MEASUREMENT EQUIPMENT AND TECHNIQUES

The basic equipment for measuring surface self-potentials
consists of a pair of nonpolarizing electrodes, an insulated
connecting single-conductor cable, and a high-impedance

voltmeter. In our studies, we designed a volimeler incorpo- -

rating an exuemely high?® input impedance efectrometer
amplifier (10" ohms) whose input bias current was only
10-" A. This latter specification is important in sclecting

an amplifier becouse large bias currents cun cause criors

in potential measurements when source impedances are
Iarge. and can also upset the electrochemical stability of
the electrodes. The output of the amplificr is Counected
1o a 3 /2 digit bipolar digital panel meter for case in reading
the potcntials. The meter, attached to the observer’s belt,
is campact, lightweight (<1 kg), and cuasy 10 use. Conven-

tional copper-copper sulfste porous pots were used in most

of our studies, although small, ightweight silver-sifver chlo-
ride electrodes, contained in 2 special polymeric conductive
body and attached to one end of a meter-long, insulated
rod, have also proved to be very stable and ru;,gcd Electrical
contact to the ground was adequate in areas covered by
tephra, where sufficicnt moisture is alwuys found a few
centimeters below the surface. Even on recent tuva flows,
reliable measurements were madé by plocing a moist sponge

“between the electrode and the ground surface. A stuble

reading is usually obtained in about § sec. We never had
to apply water to the ground surface to obtain clectrical
contact. We believe that such a procedure could lead to
errors caused by setting up undesihable diffusion potentinls;
‘moreover, the application of water prolongs the time for
the potentials 1o stabilize.

~ {eatures shown in Figure 2.

Various schemes, have becn devised for mantug seH -grs-
tential surveys., Some traverses are laid out in a closed
polyvgon, so that any closure crrors can be determined and
distributed (typically less than 25 mV) when 100-m-long

.potential gradients are measured. Here, care is taken to

occupy the exact location of the lead man’s electrode as
these duta must be progressively added algebraically to
obtain the potential distribution along the entire traverse,
This procedure is rapid, and the two-man operation can
cover over 3 km in an hour in nonwooded areas.

In areas where a closed traverse is-not practical, or whcrc

a higher density of measurements is desired, one clectrode
remains fixed and the moving electrode is advanced in 100-m
or smiller increments that are marked on a calibrated cable,
The cabled ree! is then cither carried on foot or by vehicle
along the traverse or remains with the fixed electrode. This
technique diminishes the pasarbmty of gross errors in mea-
surement because the reference clectrode is not moved along
the traverse. When the cable has been fully extended along
a traverse, the advance clectrode is undisturbed and the
former stationary electrode now becomés the moving elec-
trode for the subsequent extension of the traverse. This
procedure completely climinates any errors caused by possi-
ble differcnces in electrode potential or by any sharp, local
gradients in the vicinity of the ¢lectrodes. '

RESULTS

In compiling the contour map (Fig. 2) showing the dis-
tribution of *the spontancous potential at the surface of
Kilsuca's summit region and the upper parts of its rift zones,
the potentials measured along the various traverses were
tied to a common ground reference, and the zero contour
shown is the approximate background level for the area
away from the summit. The traverse network was fairly
dense, except for parts of the caldera where other short-
wavelength anomalies may exist. These data were collected
at various times during the past few years. Although the
potentials in most areas have remained constant as confirmed
by some remessurements, the potentials in some arcas have
changed in the vicinity of recent eruptions and are discussed
later in this puper. In the ncar future, we plan to resurvey
the entire urea shown over a much shorter time interval
Additional surveys hyve been made in other parts of Kilauea,
but we will confine our discussion to some of the salient
Before discussing the signifi-
cunce of these data, however, some characteristics of the
map (Fig. 2) arc 1o be noted,

}. The potential grudients are remarkably high: locally,
they exceed 700 mV in 100 m. The largest potential difference
shown exceeds 2300 mV over a Jateral distance of about
2.5 km and is thought to chrcsunt the largest SP magnitude
ever reparted,

3. No low-pass filtering of the ongm.xl profile data was
used in constructing this map. Except for some places on
the floor of Kilsues cladera, very few areas show anomalies
having wavelengths on the order of the spacing used (typi-
cally 100 m) and, thercfore, attest to the umformuty of ‘the
potential distribution,

3. Unlike a sealar resistivity contour map these data are
derived from a vectar guantity that has a direction (polarity)
as welb as wgnitnde. Therefore, areas of inflection (for
exumple, high-low-high) signify a real reversal in the diree-
tion of current flow in the ground.
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4. The significant anomalies are all posiﬁirc in polarity
and are essentially moncpolar (that is, they have no, or
a very weak, associated negative anomaly):

DISCUSSION OF RESULTS .

All the anomalies shown on the contour map can be

correlated with either fumarolic areas, or areas where no
surface manifestations are prest.nl - within areas where
seismic and ground-deformation data with geologic infer-
ences support the existence of magma within several kilome-
ters of the surface. In all areas surveyed no anomalics have
been delineated in which localized heat sources could not
be reasonably assumed. Traverses made.at some distance
away from the active purts of Kilauea have shown only

rundom variations in potential, which typically are less than
25'mV over a few hundred meters, and no long-wavelength.

trends huve been noted. It is quite clear, then, that these
large positive-potential anomalies are related uniquely to
aréas undertain by solidified but still-hot intrusions or by
active magma reservoirs and conduits,

The following discussion presents vartous lines of evidence
that support an electrokinetic origin for the source of these

potentials. That is, the poientials are thought to result in

some manner {rom the differential motion of certain ion
species in the thermal waters which overlie deeper-seated

-hot rzones. The many implications that these studies have

furnished regurding some of the substructure and magmatic
processes of Kilauea are not detailed here. Only those
aspeets that provide some insight into the origin of these
potentials are stressed.

Steaming Flats Area

On the north rim of Kilauea caldera, a large pronounced
anomaly is located over Steaming Flats, a fumirolic urea
overlain by prehistoric lavas. The stesm area lies between
the inner and outer caldera-boundary faults and is thought
1o be related 1o a hot intrusive body at shallow depth (<1
km: Micdonald and Abbott, 1970, p. 47). Although the
shipe of the anomaly generally conforms to the trend of

‘the boundary faults on the northwest and south sides, the

potential contours indiscriminately transect the principal
fauits on the north and northeast sides. This suggests that
¢ither the emplacement of the intrusion or the flow direction
of the overlying thermal waters was or is not, respectively,

emirely controlied by the principal faults. In detail, the

SP unomaly is not centéred exactly over the arca where
moat of the steaming vents and less wooded areas are located,
but.casterly toward an active solfatara known as Sulphur
Rank,

“Closely spaced measurements in this area did not veveal -

any large, steep pradients. in the vicinity of the steam vents,
irdicuting that the predominant source of the potentials is
not reluted 1o very near-surface phenomena. In general,
most steam vents in Kilauea are not under high pressure;
nor are they heated appreciably above boiling point for
the altitude at which the steam issues (Macdonald, 1973).
Also, except for those in afew solfataric areas, the fumarolic
g'\ﬂcx emitied from most vents consist largely of sicam and
dir. Resistivity soundings over some s{cam arcas show that
the near-surface resistivities are very Targe {< 1000 ohim-m).

- These large resistivities support the general assumpiion that

the steam is formed at depth from the infiltration of abundant
meicaric water through numerous cmcks ta the houer rocks
hclow
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Kitavea Caldera Area

An anomaly occurs ovgr Halemaumau, the prominent pit
crater and focal point for many of the eruprions of Kilauea
in prehistoric and historic times. Interpolation of the contours
through the crater, based on mcasuremems obtained around
its outer rim, shows that the potenua,s are not cencentric
with the outline of the ¢rater. Indeed, many of the eruptions
that have occurred within Halemaumau bave developed from
linear, northeasterly trending fissures rather than from 8
central vent, -

The steep-gradient closed feature, iramediately northeast
of Halemaumou, is not thought 1o be a negative anomaly,
but rather a neutral ares bounded by higher positive poten-
tials. This and the many short-wavelength features within
the caldera (Fig. 2) must be related to the complex develop-
ment of the present, reliatively flat floor. In noting a
distinctively arcuate pattern of white deposits (opal) on the
surface of the «caldera, Macdonald (1955) was able to
correlate these occurrences with the buried margins of
sunken central basins that-existed in the caldera during the
nincteenth century. He surmised that the buried scarps that
bounded the basins, and the faults beneath them along which
sinking took place, constitule the pathways that guide the
mineralized steam to the surface, Some of the smaller SP
anonalies have a similar arcuate pattern and correlate in
a general way with some of the features mapped by Macdon-
ald. Perhaps the restricted locations of the small anomalies
and the Jarger *‘neutral™ area result from extremely low
permeabilities in these deeply filled busins that would drasti-
cally restrict the upward flow of the hydrothermal fluids.
Pespite the complexity of the potential distnibution on the

" caldera floor, future detailed studies here may provide better
_insight into the principal source mechanism than in some

other areas of Kilauea because of the shallow und localized
nature of the anomalies.

The long. nurrow feature along the southeast side of the
caldera hus the Jargest magnitude of ali the anomalies at
the summit, Jt coincides with a horst along its west end
bul trends onto the floor of the caldera toward its northeast
side. Persistent steam emits from the bounding fault scarps
of the horst which is covered by at feast 10 m of ash deposits
and appropriately cilted Sand Spit. Detailed electrical and
raagnetic studies mude over this purt of lhc anomaly revealed
that:

1. Below the top few meters, the ash and underlying lavas
are conductive (<30 ohm-m) 1o about 30 m, but below
this depth, the rocks are very resistive (>500 ohm-m) to
at least 90 m in depth.,

2. The lateral boundaries of this conductive zone are very
distinct, coinciding with those of the SP anomaly.

3. These boundaries are also defined by a prominent
magnetic anomaly produced by the Javas immediutely below
the ash.

These findings lead to the following conclusions: (1) the
high conductivity of the ash over the SP anomaly must
be caused by hot, mineralized ground water that may be
thermally perched above the hot, perhaps undersaturated
lavas;and(2) because the magnetic anomaly can be attributed
to the rocks immediately below the ash, the temperstures
must be below the Curie temperature (<600°C), and there-

-fore, we can dismiss the possibility that some sort of

phenomenon directly refated 10 magma is responsible for
these Targe potentials.

L TR
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Upper Southwest Rift Zone

The circular feature, about 700 m {rom the southwest
rim of Halemaumau, is centered over part of the initial
outbreak of the southwest rift zone eruption of September
1971, Copious volumes of steam still rise from many of
the resulting linear eruptive and noneruptive fissures. Elec
tromagnetic studies in this area revealed that the wnomaly
is underlain by a shallow, conductive zone thit also is broud
and circular rather than narrow and linear as might have
been expected if the anomalies were caused by thin, intfusive

-dikes. In miny other areas of Kilauea, thin-fissure eraptions

appear 1o cool {aifly rapidly: and within less than o year
after the eruption, little or no steam is observed from the
vents. The lateral exieni of this anomaly, mgcthcr with
the persistent steam, may be refiecting the relutive mas.
siveness of this intrusion,

Kilauca ki Area

¥n the area of Kilsuea Iki Cmtu. xwo SP anomaius are
noted (Fig. 2)—a small one associated with the source vent
of the November-December 1959 eruption on the southwest
rim of this large pit crater, and a larger one centered o
few hundred meters cast of the crater. The larger feature
has no surface thermal manifestations over its center,
however, some steam occasionally is ohserved in a few
places along the east walt of Kilauea 1ki that must be related
10 a still-hot intrusion. No anomaly along the upper nm
of this crater is associated with the partiaity frozen lova
lake formed in this crater by the 1959 cruption; the lava
lake presently has a liquid core about 30 m thick,

Magma Reservoir Area

The distingt anomaly cemered sbout 2.5 km south of
Halemaumau is interpreted 1o overlie an active part of
Kilauea’s magma reservoir complex.

deformation center but a few discrele cenfers that are
interpreted as arcas that overlie weakly interconnecting
muagma reservoirs or a plexus of sills and dikes a few
kilometers decp (Fiske and Kinoshita, 1969. Kinoshita,
Swansan, and Jackson, 1974). One such center les immedi-
ately north of the SP feature, aboot 1 km south of Halemau-
mau. A recent analysis of deformation data obtained prior
1o the 1967 10 1968 summit eruption by Dicterich and Decker
(1975) using u finite-clément modeling technigue phices an
inflition center virtually over the center of this SP feanure.,

Inflation at the summit preceding an eruption is wlmost
abways accompunied by an increase in the number of shallow
microcathguikes, which generally wre concentrated in the
southwest part of the culdera (Royanagi und Endo, 1971).
A recent detailed seismic analysis of the carthquikes thit
preceded the August 1971 cruption by Koyuanagi and others
(1975) shows a sirong correlation of the shullow carthquitke
epicenters with the lateral boundaries of the SP unonwaly
(Fig. 3). From the distribution of curthgquakes, they place
the central mugma reservoir in the vicinity of Hulemuoumau
beJow a depth of 2 10 3 km where there exists a 210 3
km 2one conspicuousty void of carthquakes, and consider
the prominent zone of shallow carthquakes to the south
to be a principal bateral intrusive sone. Perhaps the most
compelling evidence that this area is underlain by an active

part of the reservoir sysiem is the Tact that Kilsuea's most

Detailed  ground-
deformation stadies over the years have defined not 2 single”

1R

Figure 3. Plot of inflation-related carthquake epicenters for

a period of several rmonths prior to, and after, the August

and September 1971 eruptions at Kilauea {modified after

Koyanagi et al., 1975) showing their relation with the self-po-

tential anomalies outlined in Figures Y and 2 (shaded arcas);

shallow earthquakes 1.5 to 3 km deep (dots); deeper, lang-
prricd carthquakes, 7 to 11 km deep (circles).

recent cruption, on December 31, 1974, initally broke out
aver the exact center of this anomaly.

It i important 1o note that other geophy sical observations
place magma at & depth of 210 3 km, whereas the maximum
depth to the top of this 8P source, as deduced from
clementary potential theory, cannot exceed about 500 m
at its north side and must be even shallower on the southeast
side. The cxtreme variance in depths again sugpests that
these potentials cannot arise direetly from very high-
temperature phenomena. More likely,  the mechanism
genenating the SP anomabies s refated to the movement
of ground water-by convective forces, the depth to the
very het rocks, or mugma, could be appreciably deepe
thun the depth al which the vertically rising water cools
and diverges woward the horizontal (top of SP source),
Collimation of hydrotherma) fluids by vertical gravitationad
forces could ¢xpluin this cleirly correlatable festure with
the epicentrsd distribution of these inflation-related t.z«!h*
uakes,

Of significunce are some Tindings from a 1262-m-deep
resenrch hole (Keller, Murray, and Towle, 1974: Zablocki,
etal., 1979 recently diilled about 1 km south of Halemuumay
near the parth side of the SP anomaly (Fig. 1), Water wuble
was found at a depth of 488 m, where the temperature
rose from essentially ambient (20°C) to ulmost 80°C. Below
750 m, the temperature decreased o 3 minimum of 63°C
and then incréased monotonically to o maximum of 137°C
at the hole bottom. "Extrapolntion of the steep thermal
gradicnt near the hole bottom (370°C /km) would place
mgma about 3 hkm from the surface, und the observed
temperatire inversion may be the consequence of the hole's
being located off center from a rising convective column
af water (Zablocki, et al., 1974). These inferences fit a
maodel of x highly developed hydrothermal convective celf
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over the main part of the znomaly. Even the broad low
{negative) SP area, which borders the anomaly on the
southeast side, sugpests a region of desccx_{ding cooler waters
of a convective cell. '

fUpper East Rift Zone -

As previously mentioned, flank eruptions along Kilavea's
rift zones are probably fed from the summit's mapma
reservoir complex  via lateral conduits. The sympathetic
response of the summit's surfuce deformation to periodic
eruptive-drainback episodes during some long-lived flunk
eruptions, and the low seismicity slong the cast rift “one
between the summit and the eruptive sites sugpgest further
that the condutit within the rift zone is fairly well established
with no appreciable obstractions. The prominent positive
ridge-like anomaly thal extends southcast from just cast
of Keanakakoi Crater is interprefed to direcily overlie the
cast rift zone (Figs. | and 2). The
contour map shows, for the first time, not only the -path
of the main canduit, but aiso the extent of two intrusive
zones that accompanied eruptive events at the eastern end
of ‘the Koae fault system in recent years, As in the summit
arves, the potentials are very large, in places exceeding 1500
mV, and none of the anomalies suggest source dcplhs gresler
than a few hundred meters.

The circular positive anomalies superimposed along the
axis of the ridge-like anomaly are centered on, or near,

pit craters that characterize the upper part of the rifl zone,

These steep-walled craters, ranging in depth from a few
tens 16 over hundreds of meters, were probubly formed
by collapse resulting from the withdrawal of underlying
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magma (Wentworth and Macdonaid, 1953, p. 31). The
broadest and largest SP anomaly along the ridge is located

where the Koae fault system mérges with the east rift zone; - L

in this junction arca, steam issues from a few cracks just’
west of Hiiaka Crater (Fig. 1), The spatial distribution of
these festures with the self-potential profile along the ap-
proximate axis of the ridge is shown in Figure 4. Superim-
posed on these short-wavelength anomalies is a longer-
wavelength anomaly that peaks over the broadest feature,
suggesting that the top 1o the underlying heat source may
be shullower in this urea. The coincidence of these local
SP anomalics with the pit craters i1s computible with a
conceptual mode! in which ground water, heated by underly-
ing magma, is guided upward along nearly vertica! fractures
that undoubtedly are present helow these collapse features
(Fig. 8). Near the top of the local water table, the cooler
fluid flow diverges outwird and down to form 2 convective
cell, 3f the sowrce mechanism is principally in the form
of streaming potentials.(Dakhnov, 1939, p, 13) developed,
by anion adsorption along the rock surfaces in the direction
of the fluid streamlines (positive current flow in direction

. of fNuid flow), then the resulting potentials at the surfuce

would be those as showsi in Figure 5. The reversal of the
fluid flow in the convective celi might slso explain the broad -
SP lows that flank the positive- polcmml ridge shown on
the contour map (Fig. 2).

A vertics! electrical resistivity munding (VES-3) made
over the central part of the ndg(- and op cither side of
the east rift zone (VES-1 and -2, sce Fig. 1 for locations)
reveals thut a very low-resistivity zone Hes only about 250
m belew the surface along this part of the rift zone, whereas
the sdjecent arcas huve higher resictivities te at least 600
m in depth (Fig. 6). Although these findings do not unequiv-
ocably suppori 2 convective cell developed between the
pit craters and the underlying conduit, they sirongly sugpest
-that hot water must exist at very shallow depths over SP
anomalies. In detail, the approximate depth to the top of
the SP source coincides with the depth to the top of the
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Figure 4. Self-potential profile along the approximate. axis

of ridge-like feature over Kilauea's upper east rift zone showing

the proximity of the anomalies to the various pit craters
indicated on index map (Fig. 1), ‘

Figure 5. Conceptual model of a convecting column of water
above a pit crater heated by magma in the underlying conduit

and the resulting surface potential distritrition; closed lines
with atrows represent ideatized streamlines of convecting fluid.
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Figure 6, Vertical electric sounding curves (VES) obtained S 4
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conductive zone {250 m). Simitar to the results obiained at
the summit, seismic evidence places the top of the conduit
at a depth of about 2 1o 3 km—again consistent with the
concept of tightly collimated rising hydrothermal fluids over
the mugma. We also note that the distribution of the
epicenters for the intrusion-refuted carthquakes shown in
Figure 3 correlate well with the ridge-like SP anomaly.

Observations From Some Recent Eruptions

The long, nurrow anomaly that projécts west-southwest
from the cast nft zone near Hilaka Crator into the Koae
fault system (Fig. 1) is refuted to the eruption of May 5,

1973, Although the eruptive fissure about 1 km west of
Hitaka Crater was only sbout 100 m long, the anomaly

continues for about 1.5 km to the west-southwest, indicating
the intrusion extended further into the Koae than indicated
by the surface fissure. Because of the simple sheet-like
configuration of the May 3, 1973, fissure, sdditiona) electricat
studics have been made across this {eature to gain further
insight into possible source mu,h.:mxmc. for furge seif-poten-
tials.

Figure 7. shows the sct{-‘pmcntia! distribution und the
respanse from a very tow frequency (VLF) electromugnetic
survey alonga traverse perpendicular to the fissare obtained
ten days after the cruption, Summurized briefly, the VIF-
KM method viilizes a dircetiona! radio recciver, tunsd o
a transmitter in the 15 1o 25 kM2 band {here 18.6 kHz),
that measures o dip angle, which is proportional to the vertical
component of the mugnetic field. Across a thin, tubular,
vertical buried conductor, the thearetical response resulis
in an antisyramettic-shuped profile (similur 10 a sine wave)
in which the zero-crossover is positioned direetly over the
surface projection of the conductor (see Paterson and Ronka,
1973, for detatls). The patentials in Figure 7 exceed 100
mV in about 200 m, and the maximum occurs directly over
the fissure. The steep gradient and large magnitude of the
VLF anomaly uttest to the high conductivity of this shallow

Figure 77 Scli-potential and VIF (very low frequency) elec-

- omagnetic dip-angle response profiles obtained along a

perpendicular raverse across the May 5, 1973, eruptive fissure;
the southcast-dipping hot dike shown is inferied from asym.

moetry in both profiles (note differences in anomaly half-wadths.

as indicated by arrow-tipped lines).

dike, and possibly, to the immediately intruded lavas. Of
particular significance is the asymmetry exhibited in both
profiles {note the large differences in the width of the VLF
anomaly ‘al =200% dip angle and that of the half-widths
on the 8P profile}. For the VLF response, the asymmetry
reguires 2 dipping conductor whoese “‘hanging wall™ side
is the direction of the slower fall-off of the dip angle (the

- southeast side here), Similar asymmetry in the shapes of

Sfand VIF profileshas been obtained over eruptive fissures
elsewhere at Kilauea,

In tnterpreting SP data, virtually all an::lytical methods
devised previously have gssuraed poim, line, dipolar, sphen-
cal, or sheer charge- or current-source configurations {(see
for example, de Witle, 1948, Moiser, 1962; Yungul, 1950;
Roy, 1963). I, for cxample, we chose .a dipping, dipolar
current-sheet model to match the SP profils shown in Figure
7, the indicated direction of dip would be opposite to that
determined from the VLF response. This is ilustrded in
Figure &, which shows the potential profile computed for
a 45 degree northwest-dipping current sheet (from Edge
and Luby, 1931, p. 245). The choracteristic shape of this
profile is very similar-te that of the measured potentials

shown in Figure 7 except that the steepest gradient and.

the minimum poteniial are located on the hanging-wall side
of the current sheet, This apparent contradiction can be
reconcited if we assume a phenoménological model of 2
hot dike that. dips away from the steep-gradient side; o
this attitede, the streamlines of fluid flow on the footwall
side would turn down with Jess horizontal extension than
on the hanging-wall side (Fig. 8). Again, if we consider
& positive current flow in the direction of the streamiines.

T

ey -
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Potantial profile
across ¢ dipping
currgnt sheet _

Siwomlinés
of fluid flow/

PN

Figure B.  Theoretical potential profile over a buried dipolar

- current sheet dipping 45 degrees to the right; a similar profile

can result from a busied hot dike dipping to the left with
the patiern of idealized streamlines of fluid flow shown,

S .

the resubling surfuce potentials would be in the same scnse

‘as those observed. '
Repeated surveys over the May 5, 1973 fissure and some
_other recent, thin eruptive fissures also show that some
anomalies progressively decrease in amplitude with time,
- This might be expected as these thin dikes at shatlow depths
fose their heat fairly rapidly. The grodual decrease in the
VLF umplitude (corresponding to a decrease in electrical
conductivity) over a 21-month period for the May §, 1973,
cruptive fissure (Fig. 9) and the change in the potential
distribution over the July 1974 cruptive fissure near Lua
Miunu Crater 3 monihs before, and 1 and 6 months after
cruption (Fig. 10) are excellent exumples. A chuaracieristic
" common 1o both examples is that although the amplitudes
* diminish with time, the wavelengths of the anomalies uppear
. 1o be stuble; that is, the effective depths 10 the sources
do not noticeably change. This is inconsistent with a model
that would directly relate the magnitude and shape of an
anomaly to the depth of the cavsative source, Rather, these
obscrvations suggest that hydrothermal paramcters, such
as height of ocud water table and permesbility, Lirgely control
the appurent depth (anomaly wavelength) of both types of
anomalies, whereas the temperature of .the cooling rm\cs

influences their magnitude. .

CONCLUDING REMARKS

The resalts from the studies presented herein demonstrate
the exceptional utility and reliability of the self-potential
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‘Figure 9. A comparison of three VLF dip-angle profiles along

the same traverse across the eruptive fissure of May 5, 1973,
shawing the progressive decrease in amplitude with time: -
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Figure 10. A comparison af three scelf-potential profiles along
the same raverse across an eruptive fissure of July 19, 1974,
showing the changes in the potential distribution with time,

method for delinesting 2anes of magma of hot rock that

. undertie the active volcano of Kilauea. All pesitive anomaties

can be refated unambiguously and exclusively to anomalous
subsurface tocalizations of heat. The results obtained 1o
date, coupled with the relative ease of measurement, have
established the self-potential wehnigue as another powerful
toal to investigate the vo?c:mo!ogic processes at Kilauea
Volcano.

The phenomenological came uf thc resulting large polen-
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tiaks is not yet understood. Such anunderstanding is essential
for & complete utilization of SP data in quantifying the
configuration of subsurface heat sources as well as the mode
of distribution of the associated hydrothermal ﬂuids ’I‘his
is particitarly so at Kilauea where the geologic *‘noise”

of background potentials are insignificant in comparison

10 the mugnitudes of the heat-related potentials and, there-
fore, warrant as refined an interpretive scheme as can be
developed.

The use of a simple, dipolar, curTent-sheet source as an
equivalent model can be misleading in regard to the atiitude
of the cuusative source. Good fits of some abscrved data
with the potentials developed from monopolar current
sources of various dimensions have been obtained (pot
presented here). Although these models tend to place ap-

© proximate depth and width limits on the region fram which
the poientials occur, they still do not reveal the nature of
the mechanism. However, if these limits are considered
within the context of other geophysical obscrvations pre-
sented here, they collectively provide constrsints on any
proposed mechanism. For example, it scems reasonable that
the high rock permcabilities, abundant ground water, and
the shallow heat sources in Kilauea are adequate to support
fluid convection. However, analytical studies of transient
as well as steady-state free convection (see for example,
Cheng and Lau, 1974) incorporating the appropriate bound-
ary conditions and constraints are needed to test the plausi-
_bility of the conceptiral models presented herein, Even more
fund:amental is the need 1o demonstrate the anion-adsorption
-efficiency of basultic Livas, particularly with respect to water
chemistry and prevailing temperatures and pressures: If such
fines of study should support a streaming potentind mech-
anism, then a new dimension in studying the dynamic
avpects of geothermal sysiems will be dttained.

Two other 1ypes of electrokinetic phenomena have been
considered as possible source mechanisms for generating
self-potentials, One involves a vertical differential displuce-
ment of jonic charge resulting from the low-temperature
precipitution of negatively charged colloids, such as silica,
thereby leaving the rising hot solutions relatively enriched
in cations (D. B. Hoover, 1974, written commun.), The
other possibility involves the production of hydrogen from
the decomposition of metcoric, and, possibly. juvenile witer
at clevated temperatures. The inherent high mobility and
diffusion rate of hydrogen, as well as its polarity, are very
appealing, In measuring the oxygen fugacities of magmatic

" gases in holes drilled into a crystullizing Yuva lake in Kilwuea,
Suato and Wright (1966) proposed a mechanism 1o account
for some anomalous zones of high oxygen fugicity as
follows:

“. .. a certain horizon of the luke prudually cools 1o
the tempernture range in which oxygen and water mole-
cules can no longer diffuse through the busaft frecly,
while hydrogen continues 10 escape towird the awface
becaunse of its greater diffusion vate. . . . This preferential
escupe of hydrogeninduces further thermat decomposition
of water and Jocally generates high oxygen fugncities,

- 30 that oxidution of the busalt occurs in the horizon. . . .

As the temperature of the harizon decreases further, even
the diffusion of hydrogen bhecomes difficult, und the.
hydropen ascending from underlying layers begins to react
with, and possibly reduce, the previously oxidized basalt,*’
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