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Figure 2. Conto ur ma p of the se lf-potential di stribution over the surfa ce of the sa me a rea shown in index map (Fig. 1). 
Contour inte rva l is 0.1 V; va lues and polarities are arbitrarily re fe re nced zero contours shown; ha c hures indi cate c losed 

lows; shad ed area s are the same as show n in Figure 1. 

Previous Applications of the Method 

The me as urement of s tati c po ten tia l diffe re nces along the 
ground surface is one of the old est, and probably least 
Successful , of the geoph ysical me thod s currently in use. 
It s pers iste nce as an ex plora tion tool over the yea rs is du e 
in pa rt to it s comparati vel y s t ra ightforwa rd , fa s t , and in­
e x pens ive applicati o n. The number of repo rted inc ide nt s 
in whi c h sulfide de pos it s. for example , ha ve bee n delineated 
unique ly by meas uring th c po te nti a ls d eve loped from strong 
ox ida tion-red uct ion reac tions a re re lati vely few, large ly 
beca use of the many re,tric tive e lec troc hc mi cal cond itions 
req uired to produce de finili '. e poten tial s at the surfa ce (Sato 
"nJ \Ioone y , 19(0). Some: C!,Xamp le-; of fav orable: re s ult s 
~~ 0 m S P s tud ic \ in mi nc·'· ·1 e ."\pllJration are ci ted in S a tl) 
' :--J "!1) 1)J1 C Y ( 1\)r,O ). Cdr \, ;, . 19"7 3 1, and P;u'asn is ( 19n ). 

The applicat ion of thi s techniq ue to grou nd-wate r proble ms 
has bee n limited because the potential s a re usuall y sma ll 
and irregul a r . The recog ni zed sources of potenti als in hydro­
logica l s tudies are a ll fund ame nta ll y re lated to processes 
that can produce a spatial sep ~lra tion or di spl acement of 
various ionic spec ies (polar ization) in the e lec tro lytic medium 
s uc h as diffu s ion , diffu s ion-ad so rption , o r e le c trofiltra tion. 
By far the greatest app licat ion and the o re tica l deve lopme nt 
of SP has bee n in form a tio n-evalua tion s tudie s from oil-well 
logs. Bes ides it s utilit y in lith o logic correla ti o ns, the SP 
bore hol e log is used for quantit a t ive de terminations of po re 
wate r res istivities that in turn provide v ita l pOl'o~ity and 
water /o il saturation values (Schlumbel·gcr. 1958), 

As an ex pl o rati o n tuo l ill geot herm~" a rc:a ,> , onl y a fe w 
res ult s from se lf-pute ntia l ~ lI r'.c y s ha ve bccn repo rt ed . 
Whit e, Thuillpson. and Sand bc::; . ( 191)-1 ) I11c ;Isur..:d somc 
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Figure 1. Index .'TlJ;J sho\'1, ing the major structural fe.1fufb of Ki!.:wc..1 Vo!c.:mo in the .1rea .;.tu(h"Ci. 5hdded .1rea ... ,'~~;:)f(),i'~·-1.i:el~ 
delimit the ~e!f~po:cr.:ia! anomalie::- shown in Figure 2; 10(.)llon dnd ("tent oi :hrce \ertic.)! electr!c 50 .. ,nd:'1t:5 (\'E51 indic;:t."'d 

by dash-dot lines; location of the 1262-m-deep chill holE' !lablocki et .lL. 197-tI indicJIt:-d by dui:eG circ:e. 

Geologic Setting 

Kibuc::. a b!(_""~ld ::.hickl \ok~m) locaTed on the ~o\lthc.3.sr­
ern part of the: i~l<lnd of H~I\'\3ii (Fig. 1), largdy consi,rs 
of a "cries of thin. lh,.leiiric r~!,,::-dtic 00\\'5.. At its summit 
is a brgt:' ca!J:::ra. ~l;';'f0\jm:..t[(:!y .5 J...m l~)ng and 3 km \~ ide. 
from \\"hiLh rift zont: ... c'\tt.:nd "nuth\\t.!!:-!\\;\rd and east\\,,;J.rd 
to the c'Io..:ean. Erur:il)nS h;l\·e taken pbce primarily in the 
summit 3r~3 and ~.lc;r; ,he .... e rift 70ne~. which arc: marJ...ed 
by lincar f;~~urt:s. pi! crarers. ;:nd cinder cones. L'n!ike the 
fairly str3if;ht ali';j'.:T"'';::l~ ,,-,f the :.0U::1',,:est rift 70ne. the urper 
cast rift zone trends s,'llthcaq f:-orn the calder:l for 3.~out 
5 km to intersect the t:;J.q cnd of the Koae f;:l.Ult "y";tem: 
it then rends sh:1rpl). in an e~lst-northeast directi0n and can 
he rrClceu off ... hore for ,-:hOll! AD km ht:~ nnd the ea",rcrnm0'>( 

tip of the !sbnd (\fo,)re. 19 ..... 1). The !(o,l.c f:wlt s)."-lerTl 
(Duffield. 1975). is a m::.jL)r struc!urJ.! fe:~tu:-e. \\hoso:: \I,.c ... r 

t:nd mt.:~gt:s with the "'t,uth\\:;,t rift zone :-'":->\1U1 10 \..m 
,,0urh ..... ·est of the caldera. 

GroullJ·ddc·rm:>.:it.'n :-\nd se~::,mic ;:!:.:.ra ~,t\.e:: ... r[(ln::;.!: ,::-ug­
£o:: ... to::d that [he:: :Tl2.gmJ. :h~t feeds the m~lny cUp:i<."111'> .1! 

the "'lJmmi! ~1nJ its 1\'..0 :-ift ll"1nc" dre ~llpf1lie::l! fh"1m..1 ... 1' . ..:.1: ... 1'.1, 

(3 to 4 J....m) ~e5.c:n,,-)jr c0r:lpk:\ b.':"t:...!tn KiblJ~:J. CJ.IC.:r3 
(E3.ton. 1962: Fi ... \"e ~nd Kinushita. ]9',Q), This rt: ... t:rvoir 
in torn j", tht)~:ghl: to be ,>urr'ied by m".:,;r.:t f,;cnc:r,llcd 3~ 

a depth of -!O km or more in the urr;.:r rr..l"tle. Sir.::b~ 
types of e\iJence fur:her slI,h'..l;est :h~lr flclnk erUr:iL"1r:S. 

p<trticubrI:- aJo...ln::; the east rift in rec·~",t ye,H". ,ire feJ frLlm 
the ,>ummit res-enoir via 3 \I,.ell-e ... t3.::-:;"heJ ,-Linl)"'" bte:-2.1 
conduit. 

---- ----- ---- --_. 
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Mapping Thermal Anomalies on an Active Volcano by the 

Self-Potential Method, Kilauea, Hawaii 

CHARLES J. ZABLOCKI 

u.s. Geological Survey, Hawaiian Volcano Observatory, Hawaii National Park, Hawaii 9677 8, US 4 

ABSTRACT 

Surface measurement of self-potential (SP) on Kilauea 
Yoleano appears to be the single most useful geophysical 
lcCthod for identifying and delineating thermal anomalies 
rda:ed to concealed magma reservoirs and still-hot intrusive 
Wnes. Positive potentials, as high as 1600 mV across lateral 
c[itcnces of a kilometer or less, are developed not only 
a-Oer known fumarolic areas and recent eruptive fissures but 
a:50 in areas that have no surface thermal manifestations. 
T:1e SP method excels because of: (I) the higher surface 
f:::;o'ution of the causative heat sources, (2) the smooth 
cEstribution of the measured potentials (that is, insignificant 
5':.oLl-wavelength "noise" potentials); and (3) the simplicity 
a::d relative speed of measurement. 

E"'idence supporting an electrokinetic origin for the large 
a.--:oGlalies is that: 

L Top·of-source-depth determinations of the S.P. anoma­
I~ are shallow, coinciding with local water tables «500 
r:l. and may result from the horizontal divergence of the 
c2()~ing. convective water rising above the deeper heat 
~0urces: 

Lateral boundaries of an S.P. anomaly above a suspected 
r-'.lg:na reservoir coincide with the epicentral distribution 
c·; earthquakes at depths of 2 to 3 km and can be explained 
l:}' colI imation of the hydrothermal fluids by vertical gravita­
Wn.aJ forces. 
3. All anomalies have a positive polarity over known or 
i::ferred hot zones, suggesting preferential adsorption of 
c.-fens or other means of effecting the differential displace­
r::~ITI of cations from anions. 
4. Small negative potentials associated with some anoma­
I;~ a.re thought to reflect the descent of cooler waters in 
t\;! ::om-ective system. 

T;,e SP technique is not only a powerful tool for mapping 
:t0t areas on an active volcano but also may provide insight 
1:::0 the dynamic workings of geothermal systems. 

I .... TRODUCTION 

, In recent years, the U.S. Geological Survey has been 
Go'. eloping an electrical-magnetic (E-M) gcophysical pro­
i;::"::--_ at the Hawaiian Volcano Observatory to assess the 
,,~~- :<:tbility of variOllS E-ivf method, as effective and 
-'-'-':2::1 tools in ,;ttldying Kilauea Volcano. The nature of 

. :: :.1. a shield VO!c:tl1l). make,> it particularly "uited to 

many types of geophysical studies because: (I) it has a 
relatively simple geologic structure; (2) it is composed 
exclusively of tholeiitic basalts grossly uniform in composi­
tion; and (3) it is in a dynamic state, having erupted, for 
example, at six different locations from 1972 through 1974. 
Moreover, because Kilauean eruptions are frequent and 
nonviolent, many scientific studies have been carried out 
over the years, making Kilauea perhaps the most in:ensively 
studied volcano in the world. 

Previous electrical studies of Kilauea have demonstrated 
the utility of electromagnetic, mutal-impedance measure­
ments 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; Anderson, Jackson, and Frischknecht, 1971) and in 
delineating shallow active lava tubes using a VLF radio-wave 
technique (Anderson, Jackson, and Frischknecht, 1971). 
Deeper-penetrating (using large transmitter-recei\er spac­
ings) galvanic and induction methods also ha\ e c-cen used 
to define the geoelectric section to depths greater than I 
km in some areas of Kilauea (for exarilple, see Keller and 
Rapolla, 1974). Results from some of these studie~ showed 
that conductive zones exist at relatively shallo\\ depths « I 
km) which are thought to be caused by the influence of 
hot mineralized waters above deeper hot intru,ions. 

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 to determine whether 
detectable differences in surface spontaneous pc)te:ltial (SP) 
coincided with known fumarolic areas. This objective was 
prompted by the desire to test 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 ob\iou~ correla­
tions between self-potential anomalies and thermal areas, 
but also that the anomaly magnitudes were e:\ceptionally 
large. These initial findings encouraged additic)nal studies 
over the past two years. We now have mapped most of 
the summit region of Kilauea and parts of its two rift zones, 
a total area encompassing approximately 100 km 1. The 
results of these studies unequivocably demonstrate that the 
SP method is the single most effective geoph:. 'ical method 
for delineating thermal areas on Kilauea Volctno and that 
it provide'> valuable insight into the dynamic erupri\ C Ci"pects 
of this very active vokarhl . 
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Figure 1. Index map showing the major structural features of Kilauea Volcano in the area studied. Shaded areas approximately 
delimit the self-potential anomalies shown in Figure 2; location and extent of three vertical electric soundings (VES) indicated 

by dash-dot lines; location of the 1262-m-deep drill hole (Zablocki et a/., 1974) indicated by dotted circle. 

Geologic Setting 

Kilauea, a broad shield volcano located on the southeast­
ern part of the island of Hawaii (Fig. I), largely consists 
of a series of thin, tholeiitic basaltic flows. At its summit 
is a large caldera, approximately 5 km long and 3 km wide, 
from which rift zones extend southwestward and eastward 
to the ocean. Eruptions have taken place primarily in the 
summit area and along these rift zones, which are marked 
by linear fissures, pit craters. and cinder cones. Unlike the 
fairly straight alignment of the southwest rift zone, the upper 
east rift zone trends southeast from the caldera for about 
5 km to 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 easternmost 

tip of the island (Moore, 1971). The Koae fault system 
(Duffield, 1975), is a major structural feature, whose west 
end merges with the southwest rift zone about 10 km 
southwest of the caldera. 

Ground-deformation and seismic data have strongly sug­
gested that the magma that feeds the many eruptions at 
the summit and its two rift zones are supplied from a shallow 
(3 to 4 km) reservoir complex beneath Kilauea Caldera 
(Eaton, 1962; Fiske and Kinoshita, 1969). This reservoir 
in turn is thought to be supplied by magma generated at 
a depth of 40 km or more in the upper mantle. Similar 
types of evidence further suggest that flank eruptions. 
particularly along the east rift in recent years, are fed from 
the summit reservoir via a well-established shallow lateral 
conduit. 
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Figure 2. Contour map of the self-potential distribution over the surface of the same area shown in index map (Fig. 1). 
Contour interval is 0.1 V; values and polarities are arbitrarily referenced to zero contours shown; hachures indicate closed 

lows; shaded areas are the same as shown in Figure 1. 

Previous Applications of the Method 

The measurement of static potential differences along the 
ground surface is one of the oldest, and probably least 
successful, of the geophysical methods currently in use. 
It s persistence as an exploration tool over the years is due 
in part to its comparatively straightforward, fast, and in­
expensive application. The number of reported incidents 
in which sulfide deposits, for example, have been delineated 
uniquely by measuring the potentials developed from strong 
oxidZttion-reduction reactions are relatively few, largely 
because of the many restrictive electrochemical conditions 
requireJ to produce definitive potentials at the surface (Sato 
anJ \!ooney. 19(0). Some examples of favorable results 
from SP <;ludic, in mineral exploratiofl arc cited in Sato 
2,.J \!llllfley (1960). Corwin (1973). and Para,nis (197.\). 

The application of this technique to ground-water problems 
has been limited because the potentials are usually small 
and irregular. The recognized sources of potentials in hydro­
logical studies are all fundamentally related to processes 
that can produce a spatial separation or displacement of 
various ionic species (polarization) in the electrolytic medium 
such as diffusion, diffusion-adsorption. or electrofiltration. 
By far the greatest application and theoretical development 
of SP has been in formation-evaluation studies from oil-well 
logs. Besides its utility in lithologic correlations, the SP 
borehole log is used for quantitative determinations of pore 
water resistivities that in turn provide vital poro,ity and 
water / oil saturation values (Schlurnberger. 195:'\). 

As an exploration tool in gCllthermal area,>. only a few 
results from seJf-pt)kntial ,uncy, ha'.c becn reported. 
While. Thompsll[1. ,;ild Sall,lh::". (lot; n rnc,,"lt'cd ,Olll'~ 



[tUlle:, ill q:lIbr ;,n,)[11:liil'S, hUlh PO\il i '. C ;, ncg-
ative in polarity, that could not be c(1rrelated witll Known 
geologic features in their <,ludies of the Ste;lIllhl);il Srrings 
thermal area of Nevada, Banwell (1970) suggested that SP 
studies may be useful as a survey technique in locating 
and delineating thermal areas on the basis of his recognition 
of anomalously high background potentials while making 
resistivity surveys in thermal areas. Similarly, Corwin (1973) 
recorded some self-potentials that were above background 
noise ncar Punta Banda, Mexico, that appeared to correlate 
with nearby hot-spring activity. Studies in the Otake geo­
thermal area of Japan (Onodera, J974) 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
ed to date is that determined within Yellowstone National 
Park by Zohdy, Anderson, and Muffler, (1973). Although 
only one SP profile was made, a small positive anomaly 
appeared to delimit the edges of the geothermal field better 
than resistivity and induced polarization profiles. The largest 
potentials observed in all these cited examples are typically 
less than 50 m V in amplitude. Recently, Anderson and 
Johnson (1973) reported a broad dipolar anomaly of about 
900 mV peak-to-peak in magnitude near the area of Caso 
Diablo hot springs, Long Valley, California, and even larger 
SP gradients near the perimeter of the caldera. They attri­
buted these anomalies to a streaming potential generated 
by the movement of heated ground waters and suggested 
that the lack of good correlation with other types of electrical 
surveys made in this area may have been due to a thermal 
zone too deep to 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 voltmeter incorpo­
rating an extremely high input impedance electrometer 
amplifier (10 14 ohms) whose input bias current was only 
10- 14 A. This latter specification is important in selecting 
an amplifier because large bias currents can cause errors 
in potential measurements when source impedances are 
large, and can also upset the electrochemical stability of 
the electrodes. The output of the amplifier is connected 
to a 3 112 -digit bipolar digital panel meter for ease in reading 
the potentials. The meter, attached to the observer's belt, 
is compact, lightweight «J kg), and easy to use. Conven­
tional copper-copper sulfate porous pots were used in most 
of our studies, although small, lightweight silver-silver chlo­
ride electrodes, contained in a special polymeric conductive 
body and attached to one end of a meter-long, insulated 
rod, have also proved to be very stable and rugged. Electrical 
contact to the ground was adequate in areas covered by 
tephra, where sufficient moisture is always found a few 
centimeters below the surface. Even on recent lava flows, 
reliable measurements were made by placing a moist sponge 
between the electrode and the ground surface. A stable 
reading is usually obtained in about 5 sec. We never had 
to apply water to the ground surface to obtain electrical 
contact. We believe that such a procedure could lead to 
errors caused by setting up undesirable diffusion potentials; 
moreover, the application of water prolongs the time for 
the potentials to stabilize. 

tcnli;ti ,uney'. SllnlC lra\l~r~cs are laid Ollt in a ek' ,.' 
l'ol)l'lln, ,0 that ;!Ily clO<;lIf'e crrors can be determined ;, -;:: 
di,[ributed (typic;!!)y lc~~ than 25 mV) when I(X)-m-k-i= 
potential gradients are measured. Here, care is taken :':" 
occupy the exact location of the lead man's electrode "-, 
these data mllst be progressively added algebraically :0 
obtain the potentia] distribution along the entire traYers:'::. 
This procedure is rapid, and the two-man operation c",.:1 
cover over 3 km in an hour in nonwooded areas. 

] n areas where a closed traverse is not practical, or whe:-e 
a higher density of measurements is desired, one electroc e 
remains fixed and the moving electrode is advanced in J OO-m 
or smaller increments that are marked on a calibrated cabk. 
The cabled reel is then either carried on foot or by vehide 
along the traverse or remains with the fixed electrode. Th: s 
technique diminishes the possibility of gross errors in mea­
surement because the reference electrode is not moved alor.:g 
the traverse. When the cable has been fully extended alor..g 
a traverse, the advance electrode is undisturbed and tbe 
former stationary electrode now becomes the moving elec­
trode for the subsequent extension of the traverse, This 
procedure completely eliminates any errors caused by poss5-
ble differences in electrode potential or by any sharp, loc8 
gradients in the vicinity of the electrodes. 

RESULTS 

In compiling the contour map (Fig. 2) showing the dis­
tribution of the spontaneous potential at the surface of 
Kilauea'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 ContOL'T 
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 remeasurements, the potentials in some areas have 
changed in the vicinity of recent eruptions and are discussed 
later in this paper. In the near future, we plan to resurvey 
the entire area shown over a much shorter time intervaL 
Additional surveys have been made in other parts of Kilauea, 
but we will confine our discussion to some of the salient 
features shown in Figure 2. Before discussing the signifi­
cance of these data, however, some characteristics of the 
map (Fig. 2) are to be noted. 

1. The potential gradients are remarkably high: locally, 
they exceed 700 m V in 100 m. The largest potential difference 
shown exceeds 2300 mV over a lateral distance of abom 
2.5 km and is thought to represent the largest SP magnitude 
ever reported. 
2. No low-pass filtering of the original profile data was 
used in constructing this map. Except for some places on 
the floor of Kilauea cladera, very few areas show anom,,]ies 
having wavelengths on the order of the spacing used (lypi­
cally 100 m) and, therefore, attest to the uniformity 0: the 
potential distribution. 
3. Unlike a scalar resistivity contour map, these date are 
derived from a vector quantity that has a direction (poldI'it) j 

as well as magnitude. Therefore, areas of inflection (fo::" 
example, high-low-high) signify a real reversal in the d'rec­
tion of current flow in the ground. 
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·L The significant anomalies are all positive in polarity 
a"d are essentially monopolar (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 present, within areas where 
seismic and ground-deformation data with geologic infer­
eC1Ces support the existence of magma within several kilome­
teTs of the surface. In all areas surveyed no anomalies have 
bo::-en delineated in which localized heat sources could not 
b,e reasonably assumed. Traverses made at some distance 
away from the active parts of Kilauea have shown only 
r3ndom variations in potential, which typically are less than 
2.5 mV over a few hundred meters, and no long-wavelength 
trends have been noted. It is quite clear, then, that these 
lage positive-potential anomalies are related uniquely to 
a:'ea5 underlain by solidified but still-hot intrusions or by 
active magma reservoirs and conduits. 

The following discussion presents various lines of evidence 
that support an electrokinetic origin for the source of these 
potentials. That is, the potentials are thought to result in 
some manner from the differential motion of certain ion 
sgecies in the thermal waters which overlie deeper-seated 
h,:)t zones. The many implications that these studies have 
furnished regarding some of the substructure and magmatic 
p:-ocesses of Kilauea are not detailed here. Only those 
a:<;pects that provide some insight into the origin of these 
p':Jtentials are stressed. 

Steaming Flats Area 

On the north rim of Kilauea caldera, a large pronounced 
anomaly is located over Steaming Flats, a fumarolic area 
oyerlain by prehistoric lavas. The steam area lies between 
the inner and outer caldera-boundary faults and is thought 
to be related to a hot intrusive body at shallow depth « I 
k;n: \lacdonald and Abbott, 1970, p. 47). Although the 
s:'Jape of the anomaly generally conforms to the trend of 
the boundary faults on the northwest and south sides, the 
p':Jtential contours indiscriminately transect the principal 
fsults on the north and northeast sides. This suggests that 
e:ther the emplacement of the intrusion or the flow direction 
of the overlying thermal waters was or is not, respectively, 
e:ltirely controlled by the principal faults. In detail, the 
SPa nl'maly is not centered exactly over the area where 
rnost of the steaming vents and less wooded areas are located, 
b'Jt ea'terly toward an active solfatara known as Sulphur 
E3.nk. 

Clo;;e1y spaced measurements in this area did not reveal 
a:lY large, steep gradients in the vicinity of the steam vents, 
iudicating that the predominant source of the potentials is 
[i,ot related to very near-surface phenomena. In general, 
most s:eam vents in Kilauea are not under high pressure; 
r'or arc they heated appreciably above boiling point for 
t0e altitude at which the steam issues (Macdonald, 1973). 
.-'-.>,0. except for those in a few solfataric areas, the fumarolic 
g.:c,es emitted from most vents consist largely of stearn and 
a:r, R",istivity soundings over some steam areas show that 
r:e ne:,r-sulface resistivities are very large «1000 Ohll1'm). 
r~ese Idrge resistivities ~llpport the general assumption that 
,'- 'C ,te:t;n is formed at depth from the infiltratic'n of abundant 
--~teo~;_' water through llumerous cracks to the hutter rocks 

Kilauea Caldera Area 

An anomaly occurs over Halemaumau, the prominent pit 
crater and focal point for many of the eruptions of Kilauea 
in prehistoric and historic times. Interpolation of the contours 
through the crater, based on measurements obtained around 
its outer rim, shows that the potentials are not concentric 
with the outline of the crater. Indeed, many of the eruptions 
that have occurred within Halemaumau have developed from 
linear, northeasterly trending fissures rather than from a 
central vent. 

The steep-gradient closed feature, immediately northeast 
of Halemaumau, is not thought to be a negative anomaly, 
but rather a neutral area 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, relatively 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 
nineteenth century. He surmised that the buried scarps that 
bounded the basins, and the faults beneath them along which 
sinking took place, constitute the pathways that guide the 
mineralized steam to the surface. Some of the ,mailer SP 
anomalies 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 larger "neutral" area result from extremely low 
permeabilities in these deeply filled basins that would drasti­
cally restrict the upward flow of the hydrothermal fluids. 
Despite the complexity of the potential distribution 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 and localized 
nature of the anomalies. 

The long, narrow feature along the southeast side of the 
caldera has the largest magnitude of all the anomalies at 
the summit. It coincides with a horst along its west end 
but trends onto the floor of the caldera toward its northeast 
side. Persistent stearn emits from the bounding fault scarps 
of the horst which is covered by at least 10 m of ash deposits 
and appropriately called Sand Spit. Detailed electrical and 
magnetic studies made over this part of the anomaly revealed 
that: 

I. Below the top few meters, the ash and underlying lavas 
are conductive «30 ohm' m) to about 30 m, but below 
this depth, the rocks arc 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 lavas immediately below 
the ash. 

These findings lead to the following conclusions: (I) the 
high conductivity of the ash over the SP anomaly must 
be caused by hot, mineralized ground water that may be 
thermally perched ahove the hot, perhaps undersaturated 
la vas; and (2) because the magnetic anomal y can be attributed 
to the rocks immediately below the ash, the temperatures 
mllst he below the Curie temperature «60{fC), and there­
fore. we can dismiss the pussibility that S<l;lle sort of 
phlOllllllleilllll dirc'~tly related to magma i'i r':'pollsiblc for 
th'.'\c I:lrge pokl1tials. 
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The circular feature, ahout :00 m from the ,outhwest 
rim of lIalemaum'lll. i\ centered over p:lrt of the initial 
outbreak of the southwe~t rift lone 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 anomaly 
is underlain by a shallow, conductive zone that also is broad 
and circular rather than narrow and linear as might have 
been expected if the anomalies were caused by thin, intrusive 
dikes. In many other areas of Kilauea, thin fissure eruptions 
appear to cool fairly rapidly; and within less than a year 
after the eruption, little or no steam is observed from the 
vents. The lateral extent of this anomaly, together with 
the persistent steam, may be reflecting the relative mas­
siveness of this intrusion. 

Kilauea lki Area 

In the area of Kilauea Iki Crater, two SP anomalies 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 a 
few hundred meters cast of the crater. The larger feature 
has no sUliace thermal manifestations over its center; 
however, some steam occasionally is observed in a few 
places along the east wall of Kilauea Iki that must be related 
to a still-hot intrusion. No anomaly along the upper rim 
of this crater is associated with the partially frozen lava 
lake formed in this crater by the 1959 eruption; the lava 
lake presently has a liquid core about 30 m thick. 

Magma Reservoir Area 

The distinct anomaly centered about 2.5 km south of 
Halemaumau is interpreted to overlie an active part of 
Kilauea's magma reservoir complex. Detailed ground­
deformation studies over the years have defined not a single 
deformation center but a few discrete centers that are 
interpreted as areas that overlie weakly interconnecting 
magma reservoirs or a plexus of sills and dikes a few 
kilometers deep (Fiske and Kinoshita, 1969; Kinoshita, 
Swanson, and Jackson, 1974). One such center lies immedi­
ately north of the SP feature, about I km south of Halemau­
mau. A recent analysis of deformation data obtained prior 
to the 1967 to 1968 summit eruption by Dieterich and Decker 
(1975) using a finite-element modeling technique places an 
inflation center virtually over the center of this SP feature. 

I nflation at the summit preceding an eruption is almost 
always accompanied by an increase in the number of shallow 
microeathquakes, which generally are concentrated in the 
southwest part of the caldera (Koyanagi and Endo, 1971). 
A recent detailed seismic analysis of the earthquakes that 
preceded the August 1971 eruption by Koyanagi and others 
(1975) shows a strong correlation of the shallow earthquake 
epicenters with the lateral boundaries of the SP anomaly 
(Fig. 3). From the distribution of earthquakes, they place 
the central magma reservoir in the vicinity of Halemaumau 
below a depth of 2 to 3 km where there exists a 2 to 3 
km zone conspicuously void of earthquakes, and consider 
the prominent zone of shallow earthquakes to the south 
to be a principal lateral intrusive zone. Perhaps the most 
compelling evidence that this area is underlain by an active 
part of the reservoir system is the fact that Kilauea's most 
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Figure 3. Plot of inflation-related earthquake epicenters for 
a period of several months prior to, and after, the Augu5t 
and September 1971 eruptions at Kilauea (modified aiter 
Koyanagi et a!., 1975) showing their relation with the self-po­
tential anomalies outlined in Figures 1 and 2 (shaded areas; 
shallow earthquakes 1.5 to 3 km deep (dots); deeper, long-

period earthquakes, 7 to 11 km deep (circles). 

recent eruption, on December 3 I, 1974, initially broke out 
over the exact center of this anomaly. 

It is important to note that other geophysical observations 
place magma at a depth of 2 to 3 km, whereas the maximum 
depth to the top of this SP source, as deduced from 
elementary potential theory, cannot exceed about 500 m 
at its north side and must be even shallower on the southeast 
side. The extreme variance in depths again suggests that 
these potentials cannot arise directly from very high­
temperature phenomena. More likely, if the mechanjsm 
generating the SP anomalies is related to the movement 
of ground water by convective forces, the depth to the 
very hot rocks, or magma, could be appreciably deeper 
than the depth at which the vertically rising water cools 
and diverges toward the horizontal (top of SP source). 
Collimation of hydrothermal fluids by vertical gravitational 
forces could explain this clearly correlatable feature with 
the epicentral distribution of these inflation-related earth­
quakes. 

Of significance are some findings from a 1262-m-deep 
research hole (Keller, Murray, and Towle, 1974; Zablocki. 
et aI., 1974) recently drilled about I km south of Halemaumau 
near the north side of the SP anomaly (Fig. I). Water table 
was found at a depth of 488 m, where the temperature 
rose from essentially ambient (20°C) to almost 80°C. Below 
750 m, the temperature decreased to a minimum of 6YC 
and then increased monotonically to a maximum of 13/'C 
at the hole bottom. Extrapolation of the steep thermal 
gradient near the hole bottom (370°C/km) would place 
magma about 3 km from the surface, and the obser.ed 
temperature inversion may be the consequence of the hole·, 
being located off center from a rising convecti\·e column 
of water (Zablocki, et aI., 1974). These inferences fit a 
model of a highly developed hydrothermal convective cell 
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'DVc, the main part of the anomaly. Even the broad low 
,:nc-5;ative) SP area, which borders the anomaly on the 
50L:heast side, suggests a region of descending cooler waters 
,of ~ convective cell. 

Up>per East Rift Zone 

/'.5 previously mentioned, flank eruptions along Kilauea's 
rift zones are probably fed from the summit's magma 
re5..=rvoir complex via lateral conduits. The sympathetic 
re,;:;onse of the summit's surface deformation to periodic 
=n:?ti,.·e-drainback episodes during some long-lived flank 
=rL?tions, and the low seismicity along the east rift zone 
berNeen the summit and the eruptive sites suggest further 
tha.: the conduit within the rift zone is fairly well established 
wiL'l no appreciable obstructions. The prominent positive 
rid;e-like anomaly that extends southeast from just east 
of :<eanakakoi Crater is interpreted to directly overlie the 
corduit of Kilauea's east rift zone (Figs. 1 and 2). The 
co;:tour map shows, for the first time, not only the path 
of :he main conduit, but also the extent of two intrusive 
zo:-:es that accompanied eruptive events at the eastern end 
of :he Koae fault system in recent years. As in the summit 
art:.l. the potentials are very large, in places exceeding 1500 
;n \ -. and none of the anomalies suggest source dep ths greater 
thc., a few hundred meters. 

The circular positive anomalies superimposed along the 
axi, of the ridge-like anomaly are centered on, or near, 
pit craters that characterize the upper part of the rift zone. 
These steep-walled craters, ranging in depth from a few 
ter,j to over hundreds of meters, were probably formed 
by collapse resulting from the withdrawal of underlying 
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magma (Wentworth and Macdonald, 1953, p. 21). The 
broadest and largest SP anomaly along the ridge is located 
where the Koae fault system merges with the east rift zone; 
in this junction area, steam issues from a few cracks just 
west of Hiiaka Crater (Fig. 1). The spatial distribution of 
these features 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 to the underlying heat source may 
be shallower in this area. The coincidence of these local 
SP anomalies with the pit craters is compatible with a 
conceptual model in which ground water, heated by underly­
ing magma, is guided upward along nearly vertical fractures 
that undoubtedly are present below these collapse features 
(Fig. 5). Near the top of the local water table, the cooler 
fluid flow diverges outward and down to form a convective 
cell. If the source mechanism is principally in the form 
of streaming potentials (Dakhnov, 1959, p. 313) developed 
by anion adsorption along the rock surfaces in the direction 
of the fluid streamlines (positive current flow in direction 
of fluid flow), then the resulting potentials at the surface 
would be those as shown in Figure 5. The reversal of the 
fluid flow in the convective cell might also explain the broad 
SP lows that flank the positive-potential ridge shown on 
the contour map (Fig. 2). 

A vertical electrical resistivity sounding (VES-3) made 
over the central part of the ridge and on either side of 
the east rift zone (VES-l and -2, see Fig. 1 for locations) 
reveals that a very low-resistivity zone lies only about 250 
m below the surface along this part of the rift zone, whereas 
the adjacent areas have higher resistivities to at least 600 
m in depth (Fig. 6). Although these findings do not unequiv­
ocably support a convective cell developed between the 
pit craters and the underlying conduit, they strongly suggest 
that hot water must exist at very shallow depths over SP 
anomalies. Tn 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 6. Vertical electric sounding curves (VES) obtained 
at locations shown on index map (Fig. 1); interpretation of 
geoelectric sections shown at top provided by D. B. Jackson, 

USe.5. (1975, written commun.). 

conductive zone (250 m). Similar to the results obtained at 
the summit, seismic evidence places the top of the conduit 
at a depth of about 2 to 3 km-again consistent with the 
concept of tightly collimated rising hydrothermal fluids over 
the magma. We also note that the distribution of the 
epicenters for the intrusion-related earthquakes shown In 

Figure 3 correlate well with the ridge-like SP anomaly. 

Observations From Some Recent Eruptions 

The long. narrow anomaly that projects west-southwest 
from the east rift zone near Hiiaka Crater into the Koae 
fault system (Fig. J) is related to the eruption of May 5, 
1973. Although the eruptive fissure about J km west of 
Hiiaka Crater was only about 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 5, 1973, fissure, additional electrical 
studies have been made across this feature to gain further 
insight into possible source mechanisms for large self-poten­
tials. 

Figure 7 shows the self-potential distribution and the 
response from a very low frequency (VLF) electromagnetic 
survey along a traverse perpendicular to the fissure obtained 
ten days after the eruption. Summarized briefly, the VLF­
EM method utilizes a directional radio receiver, tuned to 
a transmitter in the 15 to 25 kHz band (here 18.6 kHz), 
that measures a dip angle. which is proportional to the vertical 
component of the magnetic field. Across a thin, tabular, 
vertical buried conductor, the theoretical response results 
in an antisymmetric-shaped profile (similar to a sine wave) 
in which the zero-crossover is positioned directly over the 
surface projection of the conductor (see Paterson and Ronka, 
1971, for details). The potentials in Figure 7 exceed 1000 
m V in about 200 m, and the maximum occurs directly over 
the fissure. The steep gradient and large magnitude of the 
VLF anomaly attest to the high conductivity of this shallow 
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Figure 7. Self-potential and VLF (very low frequency) elec­
tromagnetic dip-angle response profiles obtained along a 
perpendicular traverse across the May 5, 1973, eruptive fissure; 
the southeast-dipping hot dike shown is inferred from asym­
metry in both profiles (note differences in anomaly half-widths 

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 at ±20% dip angle and that of the half -widths 
on the SP profile). For the VLF response, the asymmetry 
requires a dipping conductor whose "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 
SP and VLF profiles has been obtained over eruptive fissures 
elsewhere at Kilauea. 

In interpreting SP data, virtually all analytical methods 
devised previously have assumed point, line, dipolar, spheri­
cal, or sheet charge- or current-source configurations (see 
for example, de Witte, 1948; Meiser, 1962; Yungul, 1950; 
Roy, 1963). If, for example, we chose a dipping, dipolar 
current-sheet model to match the SP profile shown in Figure 
7, the indicated direction of dip would be opposite to that 
determined from the VLF response. This is illustrated in 
Figure 8, which shows the potential profile computed for 
a 45 degree northwest-dipping current sheet (from Edge 
and Laby, 1931, p. 245). The characteristic shape of this 
profile is very similar to that of the measured potentials 
shown in Figure 7 except that the steepest gradient and 
the minimum potential are located on the hanging-wall side 
of the current sheet. This apparent contradiction can be 
reconciled if we assume a phenomenological model of a 
hot dike that dips away from the steep-gradient side; in 
this attitude, the streamlines of fluid flow on the footwall 
side would turn down with less horizontal extension than 
on the hanging-wall side (Fig. 8). Again, if we consider 
a positive current flow in the direction of the streamlines, 
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Potential profile 
across a dipping 
current sheet 
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of fluid flo1' 
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Hot dike 

Figure 8. Theoretical potential profile over a buried dipolar 
current sheet dipping 45 degrees to the right; a similar profile 
can result from a buried hot dike dipping to the left with 

the pattern of idealized streamlines of fluid flow shown. 

the resulting surface potentials would be in the same sense 
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 shallow depths 
lose their heat fairly rapidly. The gradual decrease in the 
VLF amplitude (corresponding to a decrease in electrical 
conductivity) over a 21-month period for the May 5, 1973, 
eruptive fissure (Fig. 9) and the change in the potential 
distribution over the July 1974 eruptive fissure near Lua 
~1anu Crater 3 months before, and 1 and 6 months after 
eruption (Fig. 10) are excellent examples. A characteristic 
common to both examples is that although the amplitudes 
diminish with time, the wavelengths of the anomalies appear 
to be stable; that is, the effective depths to 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 causative source. Rather, these 
observations suggest that hydrothermal parameters, such 
as height of local water table and permeability, largely control 
the apparent depth (anomaly wavelength) of both types of 
anomalies, whereas the temperature of the cooling dikes 
influences their magnitude. 

CONCLUDING REMARKS 

The re<;ults from the studies presented hc'!c'in dernolhtr:ltc 
:t.c exc:eptil'flal utility and reliability of the' 'eif-pl)tel1tial 
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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, 

showing the progressive decrease in amplitude with time. 
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Figure 10. A comparison of three self-potential profiles along 
the same traverse across an eruptive fissure of July 19, 1974, 
showing the changes in the potential distribution with time. 

method for delineating zones of magma or hot rock that 
underlie the active volcano of Kilauea. AJI positive anomalies 
can be related unambiguously and exclusively to anomalous 
subsurface localizations of heat. The results obtained to 
date, coupled with the relative ease of measurement, have 
estahlished the self-potential technique as another powerful 
tool to investigate the volcanologic procc'>ses at Kilaue~l 

Volcano. 
The phenomenological call'C of the r;::,ulting I"rge poten-



tials is Iiot yet undC:i"'.>dli. Sllch :ll1l1ncierSlar"J is ",,;ential 
for a complete utilization of SP data in quantifying the 
configuration of sub"urfaec heat source, as well as the mode 
of distribution of the associated hydrothermal fluids. This 
is particularly so at Kilauea where the geologic "noise" 
or hackground potentials are insignificant in comparison 
to the magnitudes of the heat-related potentials and. there­
fore, warrant as refined an interpretive scheme as can be 
developed. 

The use of a simple, dipolar, current-sheet source as an 
equivalent model can be misleading in regard to the attitude 
of the causative source. Good fits of some observed data 
with the potentials developed from monopolar current 
sources of various dimensions have been obtained (not 
presented here). Although these models tend to place ap­
proximate depth and width limits on the region from which 
the potentials occur, they still do not reveal the nature of 
the mechanism. However, if these limits are considered 
within the context of other geophysical observations pre­
sented here, they collectively provide constraints on any 
proposed mechanism. For example, it seems reasonable that 
the high rock permeabilities, 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 conceptual models presented herein. Even more 
fundamental is the need to demonstrate the anion-adsorption 
efficiency of basaltic lavas, particularly with respect to water 
chemistry and prevailing temperatures and pressures. If such 
lines of study should support a streaming potential mech­
anism, then a new dimension in studying the dynamic 
aspects of geothermal systems will be attained. 

Two other types of electrokinetic phenomena have been 
considered as possible source mechanisms for generating 
self-potentials. One involves a vertical differential displace­
ment of ionic charge resulting from the low-temperature 
precipitation 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 meteoric, and, possibly, juvenile water 
at elevated 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

o 
in holes drilled into a crystallizing lava lake in Kilauea, 

Sato and Wright (1966) proposed a mechanism to account 
for some anomalous zones of high oxygen fugacity as 
follows: 

... a certain horizon of the lake gradually cools to 
the temperature range in which oxygen and water mole­
cules can no longer diffuse through the basalt freely, 
while hydrogen continues to escape toward the surface 
because of its greater diffusion rate .... This preferential 
escape of hydrogen induces further thermal decomposition 
of water and locally generates high oxygen fugacities, 
so that oxidation of the basalt occurs in the horizon .... 
As the temperature of the horizon decreases further, even 
the diffusion of hydrogen becomes difficult. and the 
hydrogen ascending from underlying layers begins to react 
with, and possibly reduce, the previously oxidized basalt." 
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