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INTRODUCTIQN 

Electrical prospecting methods, both galvanic and inductive, have 
proved to be among the most useful geophysical methods in volcanology. 
The physical parameter that is determined by these methods is the rock 
resistivity or conductivity, which is strongly temperature-dependen t, and; 
obviollsly, the knowledge of the horizontal and vertical variation of tem­
perature is of the most concern in the study of active volcanic environ­
ments. 

This last term is used here in its widest sense to include all the areas in 
which geothermal manifestations occur. Moreover, the study of the physi­
cal and structural characteristics of the lower crust and of the upl?~r 
mantle below an active volcanic area is not considered separately from the 
study of the most superficial part of the crust - where volcanism actually 
takes place. Electrical methods may, in this respect, give useful informa­
tion either from shallow or deep investigations. In this article, we will 
discuss the electrical properties of volcanic rocks, mainly with respect to 
their resistivity~temperature relationship, considering first the high 
temperature range, and then the normal temperature range when the 
presence of water in the rock pores becomes the main weight. 

Examples of the application of some electrical pl:ospecting techniques, 
tJ.ken mostly from the authors' experience, are reported. The article ends 
vvith a sketch of the proper exploration programme in an active geo­
thermal area and a few examples of the possibility of making use of 
pre cursive electrical and magnetic anomalies for prediction of volcanic 
eruptions. 

ELECTRICAL PROPERTIES OF VOLCANIC ROCKS 

The electrical properties of volcanic rocks in active volcanic environ­
ments can be discussed in much the same way as those of rocks in general 
(Keller, 1971a), with the exception that the effed of temperature on such 
eJectrical properties is of more concern than is usually the case. 
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Volcanic rocks and igneous rocks in general, are the result of the solidi­
fication of a silicate melt. Silicate rock-forming minerals are unique from 
the viewpoint of their electrical properties, in that they are solid elec­
trolytes. Electrical conduction in these compounds takes place by ionic 
processes in ionic-bonded crystals. Generally, the force exerted on ions in 
an ionic-bonded crystal structure by an applied electric field is smaller 
than the ionic-binding forces. However, electrolytic conduction does take 
plqce in such compounds because of inherent lattice and thermally in­
duced imperfections. The former kind of imperfections, which are 
responsible for the low-temperature (up to 700°C) conductiYity, consist 
of weakly bonded impurities, or defects in the crystal. The hitter, which 
.are responsible for the high-temperature conductivity, consist of the dis­
placement of ions from the lattice by thermal vibrations. Two main 
trends have, in fact, been observed in experimental works on the relation 
betw~~en temperature and conductivity carried out on yolcanic and 
ib>11eous rocks: a low-temperature trend, which is a function of the 
structure of the specific sample and of its thermal history, and a high­
temperature trend, which seems to be an intrinsic property of a material, 
varying little from sample to sample. 

In both cases, there is a relationship between the lo·g~rithm of the 
conductivity and the inverse absolute temperature, and the oyerall relation 
may be expressed as a'sum of several terms, by the equation: 

(1) 

,,{here the indices 1 and 2 refer to the low-temperature and high­
temperature portion of the relation, respectively; the parameters A 1 and 
A2 depend on the number of ions available for conduction, and on their 
mobility; U

1 
and U2 are the activation energies; h is Boltzmann's con­

stant; T is the absolute temperature. Values of the above parameters are 
given in Table I (Keller and Frischknecht, 1966). 

As can be seen from Table I, A.2 is many orders of magnitude higher 
than A I , which explains the very rapid conductivity increase as thermally 
induced crystal imperfections predominate over inherent crystal imper­
fections. 

TABLE I 

Values of AI) A 2 ) U1 and U2 

Roek Aj A2 Uj [h 
(mho/em) (mho/em) (eV) (eV) 

------- ---- --~- --~---~-- -~ -~ ------

Granite 5 • 10-4 105 0.62 2.5 

Gabbro 7 • 10-3 10 5 0.70 2.2 

Basalt 7 .10-3 105 0.57 2.0 

Peridotite 4. 10-2 lOS 0.8] 2.3 

Andesite 6. 10-3 105 0.70 1.6 
-------.-.-~---~-.------
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A review of the experimental work on the temperature-induced 
variation of conductivity on volcanic and igneous rocks was made by 
Parkhomenko (1967). Following the results of researches quoted by this 
author, resistivity-temperature curves for acidic and intermediate rocks, 
such as andesite, diorite, granite, etc., show several discontinuities, each 
one representing a change in the electrical conduction processes. Expei·i­
mental results for basic and ultrabasic rocks are practically the same, only 
curves for such rocks seem to be more regular. The discontinuities ob­
served from 800 to 10000 C and around 1200°C should be related to the 
melting process of different mineral phases. 

It is interesting, however, to note that the first discontinuity was 
generally found at relatively low temperatures, about 500-700°C. We 
recall here that as a result of experimental studies on the tempemture 
variation of the viscosity of lava samples, Imbo (1968) notked that there 
was a low-temperature discontinuity on the cooling curve, around 600°C, 
varying from sample to sample, depending on their petrographic nature. 
According to the above author, this discontinuity is a result of a sudden 
increase in viscosity from about 108 to 10 16 poise. Such a fact may also 
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Fig.1. Generalized summary of values reported for the resistivity of dried rocks as a 

function of temperature (from Jacobson, 1969). 
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explain the low temperature discontinuity, as observed in the resistivity­
temperature curv,es. 

Fig.1 (Jacobson, 1969) gives a generalized summary of the resistivity of 
dry rocks as a function of temperature. Volcanic and igneous rocks differ 
from other rocks with respect to their electrical properties, as well as in 
another respect, i.e., for these rocks resistivity is frequency-dependent. 
Fig.2 shows the variation of resistivity of a granodiorite sample as a func­
tion of frequency at various temperatures (Keller and Frischknecht, 
19'66). The frequency-dependence of solid electrolytes, such as the 
granodiorite-forming minerals, also depends on the temperature. At low 
temperatures there is an inverse resist.ivity-frequency relationship, while at 
high temperatures the resistivity is nearly constant. 

Direct measurements of conductivity of molten rocks as they naturally 
occur in volcanoes are very scarce. Frischknecht (1967) reports a measure­
ment of electrical resistivity of molten basalt in the lava lake of the 
Kilauea-Iki crater, Hawaii, obtained by a two-loop frequency-domain 
electromagnetic technique. A value of 2.5 Qm was obtained, \ ... hich is 
about 40 times lower than the resistivity of a sample of the same rock 
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Fig.2. Resistivity of a granodiorite sample measured as a function of frequency at 
various temperature (from Keller and Frischknecht, 1966). 
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immediately below the melting point, and many hundreds of times lower 
than the resistivity of a basaltic lava flow as normally found at the surface 
of the volcano. 

Finally, the presence of even a very small amount of water in a silicate 
rock may change the temperature-induced variation of conductivity of a 
rock. Experimental works made by Watanabe (1970) on basaltic samples 
show that the trends of proportionality between conductivity and temper­
ature are different for samples with traces of water from those obtained 
with dry samples, in that the presence of water markedly increases the 
electrical conductivity. Results of the above study led Wat.anabe to con­
firm the hypothesis that differences in electrical conductivit.y in the lower 
crust and the upper mantle deduced by geomagnetic and magneto-telluric 
depth soundings may be interpreted as due to differences in water con­
tent. 

At normal temperature, so long as a porous rock contains even a small 
amount of water in its pore space, the electrical properties of the rock will 
be dependent almost entirely on the electrical properties of that water and 
the manner in which the water is distributed through the rock. Many 
laboratory studies c;uTied out on water-bearing porous rocks have 
indicated that the relationship between resistivity and water content in a 
rock may be represented by the empirical equation: 

p '" apw ¢--m (2) 

where p is the bulk resistivity of the rock, Pw is the resistivity of the 
water contained in the rock, ¢ is the porosity of the rock expressed as a 
volume fraction, and a and m are experimentally determined parameters 
required to make the equation fit a specific group of data. Most of the 
measurements reported in the literature have been made on clastic detrital 
rocks, in as much as such information is used primarily in the evaluation 
of oil reservoir rocks. Relatively few measurements have been made on 
igneous rocks or volcanic rocks. 

Fig.3 is a plot of measured values of resistivity as a function of porosity 
for a suite of basalt samples from Hawaii (Keller et aI., 1972a). The 
resistivities are plotted in terms of the dimensionless ratio, p / Pw, which is 
a quantity known as the formation resistivity factor (F), providing the pore 
structure is filled with electrolyte. The porosity is taken to 'be equal to the 
'water cont(mt of the samples. While the plotted points do exhibit a trend 
toward higher resistivity for lower water contents, as is indicated by the 
clashed trend line on Fig.3, the scatter of the points is pronounced. This 
scatter from the trend line is considered to be a consequence of the .small 
size of the rock samples used for the measurements and the large size of 
the pore structures in the basalt. With larger samples, it might be expected 
that the geometry of the pore structures in a single sample \vould come 
closer to a more reasonable average than was the case for the small 
samples wied. 
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Fig.3. Scatter plot of resistivities and porosities measured on small samples of 
Hawaiian basalts. 

To some extent, this idea is substantiated by result of resistivity 
measurements made on samples of rhyolitic volcanic rock from the Oak 
Springs Formation (Miocene? ), from southern Nevada, in Fig.4 (Keller, 
1960). Here many measurements were made on small samples, but only 
the average resistivities for groups of samples with similar porosities are 
plotted. It may be seen that the averages fall close to a trend line charac­
terized by the equation: 

p = 4.5 p 1;-1.7 (3) w 

Carrara and Rapolla (1972) report. measurements of resistivity of loose 
pyroclastics of medium to high porosity and of potassic alkalitrachytic 
nature fronl tIle Phlegraean Fields volcanic area, Italy. Resistivity values of 
the water solution saturating the above rocks an~ also given. The relation 
between rock resistivity and water resistivity which was obtained is 
expressed in this case by the equation: 

p = 2.8 p 1;-1.7 (4) 
w 

The multiplying factors, 4.5 and 2.8, in both eq.3 and 4 are con­
siderably larger than the values normally observed for sedimentary or 
crystalline rocks (Parkhomenko, 1967). This means that for a given water 
content a volcanic rock will be several times mOl'e resistive than a sedimen­
tary rock. Fig.5 shows the trend lines that have been reported for bot.h 
igneous and sedimentary rocks fo~' compmison wit.h the trend-line found 
law. This behaviour may be easily rationalized by considering t.hat much 
of the porosity in volcanic rocks is in the form of bubbles, which are 
connected hy fine pore structures. Most of the resistance- to current flow 
is met in the fine connecting pores, so that the large volume of porosity in 
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the bubble-like structures does not contribute much in determining the 

overall resistivity of the rock. 
Empirical relationships, such as those shown in Fig.5, are useful in 

predicting the re:;istivity of a volcanic rock, if th2 porosity and the con­
ductivity of the water are knmvn. The conductlvity of the water con­
tained in rocks arises as a consequence of the pres,:mce of ions in solution. 
Conductivity, then, depends on the concentration of ions, or the salinity, 
and on factors which modify the mobility of ions, such as temperature. 

POROSITY FRACTION 
1 ...------...------.-------. 

ROCI, RESISTIVrrY / WATER RESISTIVITY 

Fig.5. General relationship between porosity and formation factor for rocks with 

various types of porosity. 
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Fig.6, Resistivity of sodium chloride solutions as a function of concentration and 
temperatme (from Keller and Frischknecht, 1966). 

At normal temperatures, the relationship between electrolyte con­
ductivity and ion concentration is well known. Curves for this relationship 
for sodium chloride solutions are shown in Fig.6, for tempe.£atures up to 
100°C, the boiling temperature of water at a pre'ssure of 1 atm. There is 
not a great deal of difference between the conductivities for various salts, 
and in all cases the rate of chang~ with temperature is about 2% per degree 
Centigrade. 

In geothermal areas, the temperature in thE! ground may be much higher 
than 100°C, but, under these conditions, the relationship between 
conductivity of an electrolyte and temper6.ture is less \yell kno·wn. At 
temperatures up to 374.4° C, water has a well·defined boiling point, which 
increases with increasing pressure. At temperatures above this, no clear 
distinction can be made between the liquid state and the gaseous state. In 
either case, if water has a density close to unity, pne may expect it to act 
as an electrolyte, while if the water has a density significantly less than 
unity, it may not act as an electrolyte. This is indicated on the pressure­
volume curves in Fig.7, where the pressures and temperatures at which an 
aqueous solution has no higher conductivity than at, 20:'e are shown as a 
heavy dashed line (Eisenberg and Kaufmann, 1969). To the right of this 
dashed line, water quickly becomes non-conductive (steam), while, to the 
left of this line, it may be said that temperature has rendered the water 
anomalously conductive. . 

The variation of electrolyte resi!>tivity with temperature in dilute solu­
tions of various common salts has also been studied by Quist and l\Tarshall 
(1966, 1968). The curves shown in Fig.8 based on their published results 
indicate how much the resistivity of a dilute solution of sodium chloride, 
such as might represent a ground water in a volcanic rock, can be lowered 
from its value at 20° e, by raising the temperature. The two curves shown 



ELECTRICAL PROSPECTING METHODS IN VOLCANIC AREAS 

o o 

260 ~~l 380" \ \" 
II \ \' 

250 0 II , \ ~ 
o II \ \ 

240 ~J , \ \ \ 
/I \... \ \ \ 
II'.. 'lIAPOUR\ \ 

Illl374~f\ \ \ \ 
I \-~ ~\ \ \ \ 

II \0,,' \ \ 
210 I - - '\ \ \ \ \ 

o~ 13~ ..... \" \ \\"" \ 
o I :;:;.(5 • \ \ I. 

200 <0 I' "C 0. \ \ \ ' 

230 

\ 

\ 
\ 
\ 
\ , 

220 

\6000 

\ 
\ , 
\ 
\ 
\ 
\ 

(') I <J \t»~\, \ \ 
190: \fd>\ \ \ \ 5000 

~6'\ " , \ 
~ 160'"0 liquid and ,-°0

\ \ \ \ " 

~ ·3 vapour \.\ \. \ '\ \ 
170 CT \ \ \ ' \ 

2:' --.-------- '\,\\ \~50o 
5: 160 vapour \\ \ ..... ' \ \ 
~ lliquid saturation 'V>S'a. \ ........ \. "\ 
0. 150 Isaturation curve \: ~\\ "'V>O'MOOo 

. lS-ur·lI~ ... , \ \,~ o~ 
14 0 _.......!.o-_.-'---1-_ ...... _-'-....l...J--l..-~.J4. ....... -4-

o 2 4 6 S 10 12 14 16 18 

specific volume- (cm3 g-1) 

141 

Fig. 7. Pressure-volume relationship for H 2 0 neal' the critical point (from Eisenb,~rg 
and Kaufmann, 1969). It is to be expected that an aqueous electrolyte will become a 
poor conductor at specific volumes above 2.0, as indicated by the dashed line . 

. .L.-L-L-.L.LL1Oo-_.l.-.-.L-J.......JL.....L...LL
1
'-'OO0 

TEf~PERATURE, ·c 

Fig.B. Variation of the resistivity of a dilute solution of sodium chloride with tempera­
ture at pressures of 0.5 and 1.0 kbars. 



142 G.V. KELLER A:\D A. RAPOLLA 

apply for pressures of 0.5 and 1.0 kbar, as indicated. In \'olcanic rocks 
with a density of 2.0, pressure increases at a rate of 1 kbar/5,000 m of 
burial; the pressures of concern in a geothermal system should lie in the 
range from 0.2 to 1.0 kbar. At these pressures, the resistivity of \\Tatel' 
passes through a minimum value, at a temperature of 280-300° C, with 
the minimum being less than the resistivity at 20°C by a factor of approxi­
mately 7. Because the resistivity of a water-saturated rock varies in the 
same manner as the resistivity of the water itself, we can argue that the 
resistivity of volcanic rocks in a geothermal area may be reduced by a 
factor of about 7 by the effects of temperature. 

Continental volcanic rocks are commonly saturated with water having a 
relatively low salt content. In such cases, it is important to recognize that 
the value for Pw, the resistivity of the water in the pore structures of a 
rock, may be different from the value for Pw determined from samples of 
water produced from the rock. This difference arises because the pore 
water interacts in a vaxiety of ways with the solid minerals forming a rock. 
One important interaction is the hydrolysis of clay minerals in which ions 
held In exchange positions on the clay minerals, go into solution in the 
pore water and increase the total salinity. These ions cannot be stripped 
from the clay minerals completely, and so, when water is removed from a 
rock, these ions remain behind. The amount of salinity added by ion 
exchange depends on the quantity of exchange ions available (the amount 
of clay present, in general), and on the amount of water present. Cation 
exchange capaciti~s are normally given as a certain number of milIi-equiv. 
of exchange ions per 100 g of clay minerals, with typical values ranging 
from about 10 for an inert clay, like kaolinite, to 100 or more for active 
clays, such as montmorillonite (Keller and Frischknecht, 1966). As an 
example, if a volcanic rock were to contain 0.1 g of active clay per cm 3 of 
rock, the amount of exchange ions added to the pore water would be 
about 100 micro-equiv. For sodium ions, considering that they are placed 
in solution in pore water comprising one-third the volume of a rock, the 
added salinity would be approximately 6,900 p.p.m. Clay contents in 
fresh volcanic rocks are normally much smaller than the 5c; assumed in 
this example, but it is clear that for volcanic rocks saturated with fresh or 
brackish water, the contribution to conductivity from exchange ions must 
be considered. 

Very few determinations of the effective salinity of water in place in 
the pore structure have been reported for 'volcanic rocks. One set of such 
determinations has been reported by Keller (1962) for measurements 
made on samples of rhyolitic tuff, from the Oak Springs Formation 
(l\Iiocene? ), southern Nevada. The pore·water resistivity \vas determined 
by measuring the resistivity of the samples twice, first when t hey were 
resaturated with distilled water in the laboratory, and second when they 
were resaturated with a brine having a high known salinity. In the first 
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Fig.9, Apparent pore water resistivities determined on samples of rhyolitic tuff from 
southern Nevada. 

case, the water introduced into the pore structure would have a salinity 
comprised of the salt left behind in the rock and the ion exchange salinity. 
In the second case, because the salinity of the solution forced into the 
pore structure ,vas high, the effect of the ions added by exchange proces­
ses could be neglected. With this assumption, the resistivity of the original 
pore ,vater can be computed with the formula: 

__ f!..! I 8 1_) n 
PWI - PW2 P2 \ S2 (5) 

where Pw and Pw.) are the resistivities of the original water and a solu-
I .-

tion with 50,000 p.p.m. Nael, respectively, PI and P2 are the rock 
resistivities for th3 sample saturated with water having the resistivity Pw I 

or Pw 2' respectively, and S 1 and S2 are the fractions of pore spaces filled 
with water in the natural and resaturated states, respectively. A value of 2 
was arbitrarily selected for the parameter n. Since the ratio of saturations, 
S I IS2) was almost unity, enors in the choice of n had very little effect on 
the accuracy of the values for water resistivity, Pw I' A histogram showing 
the distribution of values founel for Pw I is given in Fig.9. The range in 
values was found to be from 1.04 to 2.13 Dm, with an average of 1.6 Dm. 
\Vater produced from springs near where the samples were taken had a 
resistivity of approximately 40 Dm. The difference is caused by the 
addition of exchangeable ions to the pore water. 

In addition to having electrical properties which depend on pore struc­
ture in microscopic detail, volcanic rocks can be considered to have elec­
trical properties as a consequence of their megascopic structures. Volcanic 
rocks are layered rocks, to a first approximation. Keller (1968) reviews 
various method:; for describing the average electrical properties as a 
sequence of layered rocks, in which the individual layers may have dif­
ferent resistivities. In fact, the macroscopic bedding can be considered as 
resulting in a gl'OSS electrical anisotropy of the rock, because current will 
flow more easily along the direction of lamination of the rock than across 
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it. The average resistivity for current flow normal to the planes of layering 
may be defined as: 

1 ,Ii 
Ptr == II j p(z) dz 

o 
(6) 

where p(z) is the actual resistivity of the rock as a function of the coordi­
nate normal to the layering, z, and H is the total thickness of the layered 
sequence over which the average is taken. Similarly, the average conduc­
tivity for current flow parallel to the planes of layering may be defined as: 

1 H 
az == f! f a (z) dz (7) 

o 
where (J (z) is the actual conductivity of the rock as a function of the 
coordinate normal to the layering. 

The resistivity, Ptr, will not be the reciprocal of the conductivity, at, 
unless all the layers in the section have the same actual resistivity. In 
general, they do not, and the sequence appears to be anisotropic in electri­
cal properties. A coefficient of anisotropy may be defined as: 

A =.JPtt. oj (8) 

In order to determine the macroscopic average electrical properties and 
the coefficient of anisotropy, it is necessary to have detailed measure­
ments of the actual resistivity through the section, such as are provided by 
electrical well Jogs. An electric log obtained from a well drilled in the 
basalts of the Columbia River Plateau (Rattlesnake Hills Unit 2'\0. 1, 
Benton County, Washington, U.S.A.) is shown in Fig.10. As may be seen, 
the actual resistivity varies over wide ranges as a function of depth. D .B. 
Jackson (personal communication, 1972) has computed the average 
resistivities and coefficients of anisotropies for three depth intervals and 

Fig.l0. Electrical resistivity log of Rattlesnake Hills Unit No.1, Benton County, 
Washington. 

ELECTRIC, 

TABLE II 

Average resi, 
Benton Cou; 

Depth inter'! 
(ft. ) 

600- 4,J.1 
4,100- 6,9\ 
6,900-10,61 

1 
I 

obtained tl, 
anisotroPYl 
sedimentai; 

Similar: 
made fron: 
Precambri~ 

ELECTRIC"! 

AREAS 

The col 
properties \ 
to construi 
geothermal 
as shown 
sequence 

--r 

-I 
I 

- ~! ~ .. -- ---; 

>< ,. " 

~& 
RQ 

Fig,l1. Idea! 
hydrotherm\ 



f-?'\POLLA 

- ilf laverilw 
" '" 

(6) 

, the cOOl'cli­
, d11~ layered 
'1,:e concluc­

c, definecl as: 

(7) 

Lion of the 

'divity, ai, 
i~tivity, In 
, in e lectri-

(8) 

:Jclties and 
mf:'Qsure­

"i)';Tided by 
,lcJ. ill the 
if :'\0, 1, 

:.; be seen, 
" pth, D,B, 

.~ average 
'~(va!s and 

Cou nty, 

ELECTRICAL PROSPECTING METHODS IN VOLCANIC AREAS 145 

TABLE II 

Average resistivities determined from an electric log of the Rattlesnake Hills Unit No.1, 
Benton County, Washington, U.S.A. 

Depth interval 
(ft. ) 

600- 4,100 
4,100-- 6,900 
6,900-10,600 

Average longi­
tudinal conduc-' 
tivit¥ (mho/ill) 

0.00485 
0.017'1 
0.00617 

A verage trans­
verse resistivity 
(Qm) 

893 
150 
634 

Coefficient 
of anisotropy 

2.08 
1.61 
1.98 

obtained the results listed in Table II. These values for the coefficient of 
anisotropy are relatively large when compared with values for 
sedimentary-bedded rocks (Keller, 1968). 

Similar results have been reported for determination of anisotropy 
made from electric logs of the Portage Lake series of volcanic rocks of 
Precambrian clge from the Lake Superior region, U.S.A. (Keller, 1961). 

ELECTRICAL SURVEYING METHODS IN ACTIVE VOLCANIC GEOTHERMAL 

AHEAS 

The considerations of t.he factors which determine the electrical 
properties of a volcanic rock, described in the preceding section, allow us 
to construct a picture of the exploration problems involved in locating a 
geothermal system in volcanic rocks. A geothermal system might develop 
as shown in Fig.II: intrusion of a magmatic body at the base of a 
sequence of porous rocks, probably volcanic in nature, may provide the 

CELL 
WATER­
ROCK 

Fig.11. Idealized model of tectonic conditions that can cause the development of a 
hydrothermal circulation system. 
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heat source to drive the geothermal system. The water heated at the base 
of the porous section will expand and rise towards the surface, causing a 
convection cell to develop. The hot water may discharge at the surface, in 
the form of hot springs and fumaroles, or if the water table is well below 
the surface, the hot water may spread out laV~rally, with no great thermal 
activity apparent at the surface. Development of geothermal systems like 
this depends on the existence of an appropriate vertical permeability in 
the porous section following intrusion of the magmatic body. If the 
permeability is too great, the convection cell will develop rapidly, and the 
water in the cell will be heated only slightly. If the permeability is too 
low, the temperature may rise well above the boiling point for the water 
in the rock, and a hydrothermal explosion will take place. If the perme­
ability is just right, the water in the convection cell will rise just fast 
enough that it is heated to a temperature near its boiling point, either 
slightly above or slightly belo..,v. In this case, the geothermal system will 
have temperatures in excess of 2000 C, and the elect~'ical resistivity will be 
reduced to the minimum possible value, as indicate<.i from Fig.S. 

If this is a realistic model of a geothermal system, it comprises an 
immense target for electrical prospecting techniques. The cell "vill have an 
area of ten square kilometers or morlO), if it is large enough to be of 
commercial. interest., and a vertical extent of several kilometers. The 
resistivity in the cell should be lower than the resistivity in the sur­
rounding rock by a factor of about 7. It would be difficult to miss a targc·t 
of this size with any of the con ventiona t electrical prospecting methods, 
and so the choice of one method or another will depend largely on the 
operational ease with which a survey can be conducted. 

Because many geot.hermal systems occur in volcanic rocks, the surface 
characteristics will make some types of electrical survey preferable to 
others. In volcanic terrains, the surface may be quite rugged and have high 
resistivity, so that methods based on the use of moving electrode contacts 
are at a disavantage relative to methods which use inductive coupling or 
fixed electrode sources. At present, it appears that the most effective 
electrical surveying techniques for geothermal exploration are dipole map­
ping (Furgerson, 1970), electromagnetic sounding (Keller, 1971b) and 
magneto-telluric sounding. Examples of the use of these methods·and one 
regarding the more conventional direct current (DC) sounding method will 
be given in the following paragraphs. 

Dipole mapping 

In a dipole mapping survey, as the expression is used here (Furgerson, 
1970), a large amount of electric current is caused to flow in the earth 
hetween two electrode contacts, situated within a few kilometers of the 
target axea. As the current flows through the ground from this "dipole" 
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source, its flow pattern will be governed in detail by variations in resistivi­
ty in the ground, to a depth comparable to the offset distance at which 
measurements axe made, Inasmuch as the dipole, source is fixed in 
location, while many measurements of electric field are made about it, 
any electrical non-unifor1pities near the source will affect all the measure­
ments similarly, and the variations in the characteristics of the electric 
field from observation point to observation point will be indicative of the 
electrical structure of the ground, primarily in the vicinity of the 
measuring points. Having the source fixed in location for many measure­
ments greatly simplifies the patterns of apparent resistivity which appear 
in the data, in comparison with the data obtained with the conventional 
moving-source profiling techniques. 

The general scheme of a dipole mapping survey 'is indicated in Fig.12. 
Normally, the source dipole length is in the range from 1 to 10 km. 
Because it is necessary to use several tens of amperes of current in order to 
provide measurable electric fields at a distance of 5-10 km from the 
source, it is necessary to have low-resistance ground contacts at the ends 
of the source dipole. In volcanic areas with a high resistivity at the surface, 
such electrode contacts may be obtained by drilling holes several tens of 

PARALLEL r ._ 211' E. 
)' '-(COS ')/Rf)~cos biRD I 

PERPENOIClJ'LAR r ",._ 271' ... 5; 
). sin aiR; -sin b/R~ I 

TOT,~L-FIELD r 2'i"(R~ E, 
1" -r'+(R1 /RS-2(Rl /R2)2COS b2F'I 

CONDUCTANCE s ",[h(R 1 /R~:'2,(R' !R2) cos b2f'" 1:. 
'211'R, E, 

Fig.12. Layout of electrodes for a dipole mapping survey and formulas used in com­
puting apparent resistivity, 
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meters deep, and by placing lengths of pipe in the holes for electrodes. In 
some areas, metal road culverts may also serve as good grounds. 

A prime power source with a capacity of from 10 to 50 kVA is required 
for dipole mapping sUTveys. This power is used to form a step \vave in the 
ground, with periods of reversal ranging from 5 to 50 sec. Long periods 
are required, so that there are no problems with skin-depth limitations in 
the highly conductive volcanic rocks through which the current must· 
flow. Usually, an asymmetrical wave form is used, so that it is possible to 
assign a polarity to the voltage detected at the receiving sites. 

The current field from a source dipole is mapped by measuring voltages 
between electrode pairs at .many points about the SOUTce dipole. In as 
much as the direction of current flow at a measurement site is quite 
unpredictable, the total voltage drop must be determined by making 
measurements with two electrode pairs oriented at right angles to one 
another and adding these voltages vectorially. The electric field is then 
assumed to be the ratio of voltage drop to the separation bet·ween the 
measuring electrodes. Measurements are made with receiving electrode 
sepmations of usually 10-100 m. 

Electric fields are measured at distances from the source dipole usually 
ransring up to 5 or 10 km. Measurements are also made close to tbe dipole, 
but the principal advantage in using the dipole mapping tec1L11ique lies in 
the ability to make measurements at dist.ances of several kilometers from 
the source. At these distances, the current penetrates to considerable 
depths, and the -resultant electric field measurements characterize the 
properties of the rocks about the measurement sites to depths typically of 
the order of several kilometers. 

The electric-field data acquired in a dipole mapping survey may be 
converted to apparent resistivity values using several different formulae 
(see Fig.12). A "parallel-field apparent resistivity" may be computed by 
using only the component of electric field intensity measured in the 
direction parallel to the source dipole. A "perpendicular-field apparent 
resistivity" may be computed by using only the component of electric 
field intensity measured in the direction perpendicular to the source 
dipole. A "total-field apparent resistivity" may be computed by using the 
magnitude of the electric field intensity, assuming that the direction of 
the total field is the same as it should be in an uniform earth. 

It should be recalled that an apparent resistivity is the actual resistivity 
of the earth only if the earth is completely uniform. When the earth is not 
uniform, each of the apparent resistivity values described above can be 
affected in a different way, and so each of them is useful in studying 
different types of earth structures. Experience has shown that the most 
meaningful apparent resistivity value for surveys in geothermal areas is the 
total-field apparent resistivity, because these values come closer to the 
actual resistivity at the measurement site when there are pronounced 
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lateral changes in resistivity. The parallel-field and perpendicular-field 
apparent resistivities are useful in accentuating variations in an area where 
the actual resistivity is relatively uniform. In an area of complex electrical 
structure, these values fluctuate widely, and may even be negative. 

If resistant basement is present at depths less than the distance from the 
measurement sites to the source dipole, the apparent resistivity computed 
from the total electric field will increase linearly with the distance. As a 
consequence, a contour map of apparent resistivities will exhibit a pattern 
of elliptical resistivity contours at distances greater than the depth to 
basement. In this case, it is more convenient to compute an apparent value 
of conductance, SCl> from the total electric field, using the lowermost 
formula on Fig.12. The conductance of a sequence of rocks is defined as: 

II 
S === I a (z) dz ( 9) 

o 
(N ote that this is the same as eq.7, the definition of longitudinal conduc­
tivity, except that the expression is not divided by H, the thickness of the 
section.) 

An example of a conductance map based on dipole mapping surveys is 
shown in Flg.13. The area shown is the volcanic province from North 
Island, New Zealand, extending from the National Park Volcanoes in the 
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Fi fJ.13. Conductances mapped in a dipole survey of the volcanic regions of North 
Isl:ll1d, New Zealand. 



150 G.V. KELLER AND A. RAPOLLA 

south to the Bay of Plenty in the north. The measurements contoured 
were not all made from a single dipole source, but rather from 16 dipole 
sources located among the trend of the volcanoes. Dipdle sources ranged in 
length from several kilometers to ten kilometers. Cm"rent strengths were 
30-60 A. The well-known thermal areas are indicated by high values of 
conductance, reaching 1,000-2,000 mho at \Vairaki, Broadlands, 
Waiotapu and Kawerau. The conductance is only 10-15 mho in areas on 
either side of the thermal belt. 

DC sounding 

DC sounding methods for measuring the variation with depth of the 
earth resistivity have been widely used in geothermal volcanic environ­
ments. Making use of a DC sounding, a curve of apparent resistivity vs. 
spacing is obtained. Several methods are widely used which differ in the 
way the electrode contacts are ananged on the earth surface. 

Three main groups may be considered: one in which the voltage 
difference between two electrodes is measured; another one in which the 
voltage gradient is determined by two very closely-spaced electrodes; 
and finally one in which the curva':ure of the potential field is measured. 
Examples of the three arrangements are the Wenner symmetrical 
quadripolar array, the Schlumberger asymmetrical quadripolar array, and 
the dipole-dipole array, respectively. In spite of the simplicity of these 
methods and of the high grade of accuracy which may presently be 
obtained both in the field measurements and in the interpretation techni­
ques, several problems arise in the use of this method in active volcanic 
environments. 

Lateral variations of resistivity which are commonly found in these 
areas may lead to a completely erroneous interpretation. l\'Ioreover, if a 
high-resistivity layer is present at the surface,. the direct current will 
penetrate such a layer only with great difficulty, in addition to the fact 
that its presence may cause serious problems for obtaining a sufficiently 
good earth contact. Finally, DC sounding methods are best used in 
looking for resistive targets, as the greater the resistivity of the ~)1:ound, the 
higher the amplitude of the signal to be measured. Therefore, when a lo\v 
resistivity layer is present at depth, as happens in active geothermal fields, 
the signal to be measured becomes lower and lower in amplitude, and 
difficult to determine exactly. From a series of soundings, isoresisti\ity 
maps relative to one or more horizons at depth, which are of interest, may 
be eventually obtained, providing very useful data on the vertical and 
horizontal extension of the geothermal system. 

Carrara and Rapolla (1972) report data. from several shallow 
Schlumberger DC soundings carried out in the Phlegraean Fields volcanic 
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area, Italy, in order to delimite horizontally the local geothermal system, 
system. 

Soundings wer:e deepened, so that they reached the water-saturated 
(phreatic) Jayer, whose topographic level was already known. This knowl­
edge made a fairly precise deduction of the phreatic layer resistivity 
possible as the ambiguity in the interpretation arising from the intercon­
nection between depth and resistivity was in such a way almost overcome. 
It was thus possible to obtain a meaningful isoresistivity ,map relative to 
the phreatic horizon (Fig.14). Lateral variation of resistivity was then 
ascribed to salinity and temperature variation, where a lithological 
homogeneity of the host rock could be assumed. An area of low resistivity 
(less than 20 .Dm) was thus delimited; this should correspond to the most 
active geothermal area in the Ph10graean Fields. An average salinity con­
tent of 1.2-2.6 gil NaCI equivalent, and an average temperature higher 
than 32° C for the water solution, was then inferred for this area. 

Electromagnetic sounding 

In the dipole mapping and DC sounding methods, the surface material 
in the area being mapped must be conductive enough to permit the 
measuring electrodes to make contact. In some volcanic areas, the surface 
may be covered with ash or recent flows, with such a high resistivity that a 
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contact cannot he obtained. In these cases, it is necessary to use an elec­
tromagnetic induction method, which does not require electrode contacts. 
Both loop-source and grounded-wire source electromagnetic methods have 
been used in geothermal exploration (Kel~er, 1971b). Generation of an 
electromagnetic field by passing a time-varying current through a 
grounded wire is preferable to the use of an ungrounded loop as a source 
because of the problems involved in laying out a large-source loop. How­
ever, a grounded-wire source requires that there is some location within 5 
or 10 km of the suspected geothermal target where the source dipole can 
be grounded adequately. 

Jackson and Keller (1972) describe the application of a time-domain 
electromagnetic sounding technique, developed at the Colorado School of 
T'vIines (Harthill, 1969; Jacobson, 1969; Silva, 1969), to exploration for 
geothermal activity around Kilauea Volcano in Hawaii. They used a 
system which closely resembles the dipole mapping setup shown in Fig.12. 
An electromagnetic field was generated by passing a step-wave of current 
through a grounded length of wire. The electromagnetic field at a receiver 
site was detceted by using a multitul'l1 loop of wire laid on the ground, 
rather than with electrode pairs. The geometric relationship of the source 
to the target area is shown in Fig.15. In this survey, a source cable 2.8 km 
long was used, grounded in soil on the flanks of Mauna Loa Volcano, 
away from the area where recent flows from Kilauea Volcano make 
grounding difficult. The primary power source was a 15-kVA motor­
generat.or set, with the output voltage stepped up from 220 'lAC to 660 
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~ 
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Fig.15. Map of the summit of Kilauea Volcano, Hawaii, showing the locations of the 
dipole source and induction receivers used in the eleetromagnetic survey. 
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Fig.IS. Example of trardent electl'Omagnetic coupling recorded during the elec­
tromagnetic survey of the summit of Kilauea Volcano, Hawaii. 

VAC with a transformer before being rectified and switched to provide 
current steps in the source cable. The intervals at which current flow in 
the source wire was reversed were sufficiently long (15 sec) that each 
reversal could he considered as a current step of infinite duration. As the 
time required for current to reverse direction on switching was about 10 
rnsec, the reversal of current could be considered as a step-like change. 

The induction coil receiver, used to measure the vertical component or 
magnetic induetion, consisted of a 304-m length of 26-conductor cable, 
laid on the ground in the form of a square, and connected so that the 26 
cnndtlctors were in series and formet1 a continuous loop. The voltage 
generated in this loop was filtered to attemwte frequencies above 10 Hz, 
then recorded on' an oscillograph; the record shown in Fig.16 is typicaL 

The manner in \\'hich SLlch recorded transients are processed to obtain 
resistivity sounding curves is discussed in detail by Jackson and Keller 
(1972). Actually, the procedure consists in computing an apparent resis­
tivity from the data from the formula: 

_ 27rR4 V(t) 
Pa - :3 AM sin {3 (10) 

where III is the moment of the source (the product of current and wire 
length), A is the area of the receiving loop, (3 is the angle between the 
groundqd wire source and the radius vector to the centre of the loop, R is 
the distance between the centre of the wire source and the centre of the 
loop receiver, and V(t) is the measured voltage at a specific time, t. In 
time-domain sounding, it is considered that the later parts of the transient 
coupling are affected by resistivity structures at greater depths than the 
ec1rly p~nts. Therefore, time can be roughly associated with depth of 
penetration. A plot of apparent resist.ivity vs. time, as shown in Fig.17, is 
analogous to a curve of apparent resistivity vs. spacing, as obtained in 
conventional DC sounding. An interpretation may then be made of the 
apparent resistivity plot by comparing it graphically with families of 
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Fig.17. Conversion of a transient coupling curve to an apparent resistivity vs. time 
curve. 

theoretical curves, computed for various combinations of layers. Such 
curves are available for wire-to-Ioop soundings for two layers (Silva, 1969) 
and three layers (King, 1971). The soundings made about the summit of 
Kilauea Volcano appeared to represent an earth structure made up of two 
layers; an upper layer with a resistivity of 8-24 nm, and a lower zone, 
with a resistivity of 1-·2 nm. It must be recognized in this interpretation 
that an electromagnetic method is laxgely insensitive to the presence of 
highly-resistive superficial rocks. Several DC soundings were made in the 
same area, by using a standard Schlumberger sounding technique (Fig.1S), 
and these indicated a near-surface layer a few tens of meters thick, with a 
resistivity of 1,000-10,000 nm. A few of the electromagnetic soundings 
indicated that the first 100 m from the surface may have a high resistivity. 
The first layer mapped with the electromagnetic soundings is most 
probably basalt with moderate amounts of fresh water in the pore space, 
migrating downward to the water table or making up the water table. The 
second layer, the top of which varies approximately between one 
kilometre below sea level to 200 m above sea level (see Fig.19; note that 
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the average elevati.on of the smvey area is about 1,100 m above sea level), 

has a resistivity of about 2 Slm. 
Detailed deformation studies of the summit area (Kinoshita et aI., 

1974) show that def()rmation centres associated with the acti~ity of 
Kilauea VoI"cano lie mostly ·within the region defined by the contours on 
top of the 2-Slm resistivity layer, which suggests a direct relation between 
the low resistivity layer and summit deformation. Moreover, numerous 
small earthquakes have their hypo centres in the vicinity of the 2-Qm 
mound (Koyanagi and Endo, 1971). 

All of these lines of evidence suggest that the magma reservoir feeding 
the summit activity of Kilauea Volcano lies beneath the 2-Slm mound. 
The contrast in resistivity between the material in this mound and the 
surrounding rock of the upper layer seen with the electromagnetic 
soundings is appropriate for the contrast that would result from heating in 
a geothermal system (see Fig.S). It seems likely that the mound of 2-Qm 
material represents a hydrothermal convection cell, driven by heat 
supplied from the magma reservoir beneath Kilauea summit. 
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Fig.18. Seven direct-current resistivity soundings made on the island of Hawaii. 
Soullllings c and e were made in the vicinity of Kilauea summit. 
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contour ihtervill 100 meters 
daturrt. sea level 

Fig.19. Contour map of the top of a low-resistivity 2 -12m layer beneath the summit 
area of Kilauea Volcano. The contours in metres are relative to sea level. The average 
elevation of the area is 1,100 m. 
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The above results were confirmed by a subsequent time-domain elec­
tromagnetic sounding survey and a DC mapping survey carried out on 
Kilauea Volcano during the summer of 1971 (Keller, et al., 1974). In this 
survey, a brger dipole source was used, about 5 km long, in order to 
increase the dipole source moment, and measurements were carried out as 
far from the somce as 15 km. The vertical and horizontal confignrations 
of the top of the 2-nm mound were better defined. Moreover, a small 
mound with the same resistivity value was detected, at a depth relative to 
the surface of about 800 m, just south of the Keanakakoi crater, which 
erupted during August 1971. 81.1ch a fact gives a clear confirmation of the 
hypothesis that the existence and the configuration of the 2-Dm layer is 
in connection with a geothermal system directly correlated with the 
magmatic masses feeding the volcanic activity of Kilauea. 

Rapolla (1973) reports instrumental characteristics and interpretative 
procedures for a time-domain electromagnetic sounding survey carried out 
at L~pari, Aeolian Islands, Italy. A low-resistivity-layer, 3 Dm, was found 
at a depth of about 1,000 m, which 'was interpreted as due to the presence 
of a geothermal system. 

A.n example of very deep electromagnetic sounding is reported by 
Keller (1971b). An extensive survey using a time-domain wire-loop 
technique was carrierl out in the volcanic region of North Island, New 
Zealand. A 30-kVA rnolor generator set was used as a power source. 
Attention was given to minimizing the contact resistances which were 
reduced to values LIe; low as 5-10 0" despite the fact that sm-face rocks 
had a resistivity of 1,000 0,m or more. \Vith such conditions, a step 
current of up to 60 A was driven into the ground. 

The results of the survey are shown on an electrical cross-section in 
Fig.20. The electrical structure of crust and upper mantle below the 
investigated area was sketched. In particular, the presence of a low resis­
tivity zone, 100-200 Dm, in the lower crust and upper mantle, was 
pointed out. A result of great interest for the understanding of the origin 
of the local volcanic activity lies in the fact that the depth of this con­
ductive zone decreases from 25-30 km to about 10 km just inside a 
narrow belt, where most of the geothermal manifestations occur. 

Magneto·telluric sounding 

In a magneto-telluric determination of earth resistivity, one measures 
the simultaneous magnitudes of orthogonal electric and magnetic field 
components, normally present as electrical noise (Keller, 1971c). By 
assuming that these components belong to a planar electromagnetic wave, 
propagatii1g vertically into the Earth, the earth resistivity can be com­
puted quite simply. In principe, the magneto-telluric method has 
advantages over both the dipole mapping method, in that it is an inductive 
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method, and the electromagnetic method, in that no strong source of an 
electromagnetic field needs to be provided. The disadvantages of the 
method are that measurements must be made at a single site for a 
moderately long period to obtain the required data, and that extensive 
data processing is required to convert the measured values into a resistivity 
sounding curve, Magneto-tellUllc soundings may be carried out using 
either low frequencies, from 0.001 to 10 Hz, or high frequencies, from 20 
Hz to 20 kHz. No low-frequency magneto-telluric surveys in thermal m'eas 
have been reported, but some applications of high-frequency magneto­
telluric surveys to geothermal exploration have been made (Keller, 
1971b). The essential elements of an audio-frequency magneto-telluric 
field system (AMT) and the formula for computing resistivity are shown 
in Fig.21. 

In the AMT method, measurements are made at a sequence of discrete 
frequencies, ranging from 20 Hz to 20 kHz. At a specific frequency, the 
resistivity so determined is an average for rocks to a depth of one skin­
depth. The skin-depth of an electromagnetic wave is determined from the 
frequency and the resistivity of the rock through which it is passing. 
Skin-depth may be determined from a chart, such as the one shown in 
Fift·22. 

When magneto-telluric measurements are made at audio-frequencies, 
the source of energy is usually either CUlTents flowing in power mains or 
energy arriving from distant lightning strokes. The wave-lengths range 
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Fig.21. Audio-magneto-tellttric surveying system. w = pUlsation; /1 = magnetic per­
meability; V = voltage; EMF = electromotive force. 
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from a few tens of metres to some hundreds of metres, when measured in 
the Earth. 

Instrumentation is simple. Electric fields can be determined by using 
copper electrodes driven about 15 cm into the soil, with a separation 
between them of the order of 20 m. The separation of the electrodes is 
selected arbitrarily, to provide a measurable signal level. The horizontal 
component of magnetic induction, at right angles with the electrode line, 
is detected with an induction coil. An induction coil with adequate 
sensitivity might consist of 10,000 turns of wire wound on a permeable 
ceramic core, with an area of 0.01 m2 • The voltages from both the elec­
trode line and the induction coil are measured with sensitively-tuned 
voltmeters having a sensitivity of 0.1 pV or better. .Measurements are 
repeated with the voltmeters tuned at a sequence of frequencies over the 
range of interest.. An exampJe of AMT survey made along the sho1'8 of 
Lake Managua, on the flank of Momotombo Volcano, Nicaragua, is shown 
in Fig.23. The thermal manifestations along the shore of Lake Managua, 
and in its vicinity, are the most ext~nsive in western Nicaragua. 
Momotombo Volcano rises some 1,280 m above these springs, with the 
summit lying about 2 km north of the area of fumarolic activity. The last 
eruption of Momot.ombo was in 1905; there are no recent flows on the 
Lake ]\1anagua side of the volcano. 

The AivlT data are presented in Fig.23, in the form of a pseUdo-section. 
J n a pseUdo-section, frequency is plotted as the vertical scale, rather than 
depth; otherwise, the section is similar to a normal section plot. The 
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Fig.23. AMT profile, Momotombo shoreline of Lake Managua. 

relationship between frequency and depth has been giv~n pre\iously, on 
the skin-depth chart, in Fig.22. 

Schlumberger soundings with a minimum sp.lcing of 1/2 km \\'ere also 
made along this profile, and provide some verification for the resistivities 
measured with the AMT method. The areas of low resistivity - 3 to 5 Qm 
- near station 601/13 and 601/04-02 are also observed with the Schlum­
berger soundings and coincide with the location of boiling springs along 
the shore of Lake Managua. The area of moderately high resistivity - 30 
Dm - about st:lLion 601/10 coincides with an area over which a basalt 
flow crops out at the surface 

APPLICATION OF ELECTRICAL SURVEYING TECHNI('~UES TO GEOTHERI\lAL 

EXPLORATION 

The examples of field surveys given in the preceding section should 
indicate that geothermal systems can be well mapped with electrical 
surveys. 

We should now consider the propel' design of an exploration 
programme using these techniques. The simplest technique is the audio­
magneto-telluric method, and so one may assume that its proper role in an 
exploration programme would be in reconnaissance. At audio-frequencies, 
the depth to which resistivity can be determined is limited to a few 

ELECTRIC 

hundred rr 
account. 1 
require an 

Follo\\-il 
naissance 1 

face condi, 
dipole-rna}] 
single sour: 

Considei 
power pIal 
station del 
a stationj 
more .thanl 
mappmg m 
between d 
cause of HI 
being sun'~ 
source loci 
about the! 
operationsj 
the conved 

I 
soundings I 
Because it! 
m~re. ~harf 
resIstlvItv I 

tion of 't~ 
sounding 
which is nc 

The md 
geothermal 
associated i 
resistivity I 
of thermt 
example, ~ 
estimated! 
thermal zcl 
nation is il 
resistivi tid 
Dieng Plat! 
and [u ill a I! 

i 
about the" 
values for i 
stu tisticall { 
sum of se,1 



ELECTRICAL PROSPECTING METHODS IN VOLCANIC AREAS 161 

hundred metres, so the reconnaissance programme should take this into 
account. Tht; use of lower frequencies to obtain deeper penetration will 
require an inordinate amount of work. <-

Following shallow reconnaissance with the AMT method, deep recon­
naissance using the dipole mapping method should be considered, if sur­
face conditions permit the use of a method with electrode contacts. With 
dipole-mapping, an area of about 200~300 km2 can be mapped with a 
single source location. 

Considering that a geothermal system with enough volume to support a 
power plant must have a surface area of several square kilometres, a 
st"l.tion density of one per square kilometre should be adequate. With such 
a station density, a survey about a single source dipole should take no 
more than one week. The resistivity contours obtained with the dipole­
mapping method depend, to some extent, on the geometric inter-relation 
between the source dipole and the conductive bodies being mapped. Be­
cause of this, successive dipoles should be sited to provide overlap of areas 
being surveyed, so that each receiver location can be energized from two 
source locations. Dipole mapping surveys provide very little information 
about the vertical pcofile of a thermal system. In planning drilling 
operations, it is important to know the depths to the top and bottom of 
the convecting system, as well as the lateral boundaries. Electromagnetic 
soundings and Schlumberger soundings may be used for this purpose_ 
Because it is difficult to obtain Schlumberger s:mndings with spacings of 
more than 0---1 km in areas with pronounced lateral variations in 
resistivity, t}1P use of Schlumberger soundings is limited to the determina­
tion of the depth to the top of a geothermal system. Electromagnetic 
sounding methods may be used to determine the depth to basement, 
which is normally assumed to be the base of the convecting system. 

The most direct application of resistivity data to exploration for 
geothermal systems is in delineating the boundaries of conductive areas 
associated with the occurrence of hot water underground. However, 
resistivity data may also be used to infer more quantitative characteristics 
of thermal areas, under favourable circumstances. Using Fig.S, for 
example, the temperature of the water in a geothermal system might be 
estimated by noting the contrast in resistivity between rocks within the 
Lhermal zone and similar rocks outside it. An example of such a detenni­
nation is illustrated by the histof,'1am in Fig:24, a compilation of apparent 
resistivities measured from two dipole sources during a survey of the 
Dieng Plateau of central Java (Keller et a1., 1974). Numerous hot springs 
and funiaroles occur in this area, with extensive· areas of low resistivity 
about these sm-face lYlrwifestations of hydrothermal activity. Resistivity 
v,ilues for a single rock type commonly show a log-normp.l distribution, 
statistically (Keller, 1968). The distribution in Fig.24 appears to be the 
sum of several such log-normal distributions, with median values of 1.3, 6 
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Fig.24. Histogram of apparent resistivity values determined in dipole mapping surveys. 
The resistivity scale is Jog normal. 

and 12 £lm, as indicated by the notation, medians 1, 2 and 3 on Fig.24. It 
may be reasonable to conclude that the median value of 1.3 £lm applies to 
the hot-water saturated rock in the centres of thermal activity, the median 
value of 6 ~.~m applies to the moderately altered and heated rock in the 
belt containing these centres of thermal activity, and the median value of 
12 £lm applies to "normal" volcanic rocks outside the area appreciably 
affected by the thermal activity. 

Sampling of springs in the area (Truesdell, 1970) indicates that the 
pore-water resistivity should be in the range of 1.5-2.0 £lm. Using the 
median of 12 £lm as characterizing normal rocks, a formation factor of 6 
to 8 is obt.ained. 

From Fig.5, t.his formation factor corresponds t.o a porosity of about 
35%. If the reduction of the resistivit.y in the belt containing the thermal 
centres to 6 £lm is caused only by increased temperature, the curves in 
Fig.8 indicate that a temperature rise from 20°C to 55°C would be 
required. The decrease in resistivity of the rock in the centres of thermal 
activity by a factor of 7-9 indicates that the temperature of the con­
vecting systems may be as high as 250°C. However, it must be considered 
that the convecting hot-water systems may cause locally increased 
porosity, and may be somewhat more saline than waters in normal rocks. 
These two factors may decrease the resistivity in the same manner as 
increased temperature does. 

The electrical survey data can be used, in many cases, to arrive at a 
highly speculative estimate of the power-producing potential of a 
geothermal area. The volume of a geothermal system can be estimated 
from the areal extent of the anomaly in resistivity it causes a-nd the depth 
to basement. According to Banwell (1970), the heat energy available on 

ELECTRIC..'! 

cooling hy 
km 3 of re~ 
electrical e 
Banwell gi 
reservoir. 
cal resisti, 
supported I 
cbnvertibl~ 

•• I 
reserVOIr IS 

I 

I 
MAGNETJ'i 

ERUPTW 1 

One c 
the precL/ 
(Minakami 
et al., 19'1 
prediction! 
of both nl 
methods, ]\ 

Keller i 
precedingi 
noise wasi 
recording i 
Noise waSi 
about 15<1 
tion. As c; 

I put fonvc, 
form a c,! 

sations \yi 

fluctuatio i 
g~I11ma OJ( 
current fl! 

- I 
secondary! 
directed ;1 
h 

.! 
C anges Iti 
cant vertii 

Johnst(i 
with the 1 

They ree:! 
baseline. I 
eruptions: 
for explaf 



ELECTRICAL PROSPECTING l\IETHODS IN VOLCANIC AREAS 163 

cooling hydrothermal fluids from 250°C to 50°C is 3,500 MW-years per 
km 3 of reservoir. Nowhere near all this energy is available in the form of 
electrical energy, because of inefficiencies in production and conversion; 
Banwell gives H realizable yield as being 900 MW-years per km3 of the 
reservoir. Thus, if the volume of the reservoir is estimated from an electri­
cal resistivity survey, the capacity of a generating plant that can be 
supported is the product of the volume by Banwell's estimate of the 
convertible energy, divided by the number of years over which the 
reservoir is to be produced to exhaustion. 

MAGNETIC AND ELECTRICAL ANOMALIES CORRELATED WITH VOLCANIC 

ERUPTIONS 

One of the main themes in physical volcanology is at the present time 
the prediction of eruptions. Statistical analyses of seismic activity 
(Minakami, 1973) and measurements of ground deformation (Kinoshita 
et a1., 1974) seem, up to HOW, to give the most reliable tool for such a 
prediction. Howev~)r, the great importance of the problem, and the failure 
of both methods on sorne occasions, demand the development of other 
methods, based on different W~ophysical parameters. 

Keller et a1. (lB72c) report observation of unusual magnetic noise 
preceding the Kilauea, August, 1971, summit eruption (Fig.25,26). Such a 
noise was detected during an electromagneti.c survey of the volca.no by 
recording the voltage output from a coil of wire lying on the ground. 
Noise was detected 23 days before the eruption near the Keanakakoi crater, 
about 150 m away from a fissure 'which became acti.ve during the erlJP­
tion. As an explanation for this anomaly, the above~mentioned authors 
put forward the hypothesis that the magma intruded near the surface to 
fonn a conductive zone, in which induction from magnetic micropul­
sations would take place. Magnetic micropulsations are characterized by 
fluctuations in the Earth's magnetic fields with an amplitude of one 
gamma or less, and with periods of ten seconds, or larger. The induced 
clliient flow in the Earth is proportional to the Earth conductivity. The 
secondary magnetic field, resulting from the induced currents, is normally 
directed in the horizontal plane. However, when there are strong lateral 
changes in conductivity, the secondary magnetic field may have a signifi­
cant vertical component, which could be detected by a horizontal coil. 

Johnston and Stacey (1969) observed magnetic anomalies associated 
with the April 1968 eruptions of Mount Ruapehu Volcano, New Zealand. 
They recorded the difference in the total magnetic field on an 8-km 
baseline. Anomalies of tens of gammas were recorded hours before the 
eruptions. The physical process that the authors think is more consistent 
for explaining these magnetic anomalies is the piezomagnetic effect. The 
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Fig.25. Map of the summit of Kilauea Volcano showing the location of the emption of 
August 14, 1 ~J71 and the sites where electromagnetic field records were made. 0 ther 
recording sites lie off the map. Site 133 was the only location where the unusual 
magnetic noise was recorded. Caldera faults are as indicated by'Petersen (1967) in the 
U.S.G.S. map CD-667. (From Keller ct aI., 1972c.) 

Fig.26. Sectiuns of records of the voltage produced from a vertical-axis inclt: edon loop 
with an effective area of 151,000 m 2. A. At recording site 133, on rih' pdge of 
Keanakakoi Cr;tI.er. The record was obtainecl at approximately 15h30 local time, 22 July 
1971, and exhibits an unusually high noise level. B. At recording' site 115, on 16 July 
1971. This record shows typical b.\Ckground nnise levels. The spikes with alternating 
polarity are the transient eleet.romagnetic signals transmitted from the grounclecl-wire 
source and are not related to the phenomenon being d'iscussed here. (From Keller et 
al.,1972b.) 

above-mentioned authors calculate that the observed magnetic changes 
require a pre-eruption stress increase not less than 75 kg/cm 2 • 

Long-term magnetic anomalies associated with volcanic activity were 
reported by Rikitake and Yoiwyama (1955) for some Japanese volcanoes. 
Magnetization and thermal demagnetization of volcanic rocks near the 
Curie point were considered to be the causes of the above anomalies. An 
alternative interpretation, relating such magnetic variations to gradual 
heating, from beneath, of the masses below the volcano, was put forward 
by Uyeda (1961). 

The above examples refer only to magnetic anomalies. Electrical field 
anomalies, which moe associated with magnetic ones, should also be detec­
table. 

Long-term anomalies seem to be related to heating effects and should 
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b2 then related to continuous activity periods. Medium-term and short­
term anomalies, which are of the most. interest for prediction of eruptions, 
seem to be related to the fact that the presence of a molten magmatic 
mass at modemte depth during the pre-eruptive stage constitutes by itself 
an anomaly in the electrical and magnetic properties of the shallow 
volcano-forming masses. Finally, ·very short-term anomalies should be 
those related to the movement of magmatic masses along fissures or vents 
just before the eruption, either because of the stress increase they 
produce, or because they may behave as a conductor material moving in 
the Earth's magnetic field. 

Proper continuous recording of magnetic and electrical fields in active 
volcanic areas will probably lead to a better knowledge of such anomalies 
and to a better comprehension of the physical phenomena involved. 

In conclusion, from the above examples and others reported in the 
literature, it seems that magnetic and associated electrical anomalies cor­
related with volcanic eruptions may become, in the near future, another 
valuable tool for the prediction of eruptions. 
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