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Abstract

We conducted self-potential (SP) surveys on Shinmoe-Dake, one of the
active volcanoes in Kirishima volcanic group. The surveys cover an area of
lkm X 1 km including the crater. One of the prominent features is a neg-
ative anomaly on the crater basin. The streaming potential caused by drain-
age of water from the crater basin is a promising candidate for a cause of
the negative anomaly. We quantitatively verified the plausibility of the
mechanism using seepage of the lake water and the permeability of the
ground, which were estimated from the water balance of the crater lake.

Another prominent feature is positive SP anomalies on the eastern and
southern slopes of Shinmoe-Dake. These positive anomalies lie over rela-
tively low resistive regions revealed by a magnetotelluric survey. This fact
suggests that the present positive anomalies are generated by the streaming
potential accompanied by hydrothermal upflows, although there still
remains uncertainty because we have no information on the ground temper-
ature. k

We also found positive patches of SP which were located at the
fumaroles in the crater basin. However, they turned out to be rather small
both in size and intensity after correcting for topographic effects. This sug-
gests that hydrothermal activity just under the crater of Shinmoe-Dake is
weak at present.

1. Introduction

The Kirishima volcanic group, located on the border between Miyazaki and
Kagoshima prefectures, Kyushu island, Japan, consists of more than 20 small vol-
canoes. Shinmoe-Dake is one of the active volcanoes that belong to the Kirishima
volcanic group. The stratovolcano has a crater about 750 m in diameter with a cra-
ter lake in its basin. There are some fissures on the western slope of the edifice
which were formed during the eruption in 1959. Weak fumarolic activity exists in
the crater basin and at the fissures (KAGIYAMA et al., 1979). The temperature of
the fumaroles was higher than 200°C in the early 1980s. However, it has been lower
than 100°C recently except during the small phreatic eruption in 1991 (KAGIYAMA,

private communication). Studies on deposits and historical records show that each
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eruptive episode of historical activity of Shinmoe-Dake progressed from phreatic to
magmatic and that the eruptions were frequently accompanied by pyroclastic flows
and mudflows (IMURA and KOBAYASHI, 1991). Magnetotelluric surveys in the Kiri-
shima volcanic area (KAGIYAMA, 1994a) have revealed that the ground resistivity in
this area is generally low (~a few Q-m at the depth of a few hundred meters) .
This suggests that the shallow part of the Kirishima area is abundant in ground
water.

The self-potential (SP) method, measurements of natural DC electric potentials
on the ground, has been used since more than a century ago in the field of mining.
However, application of the method to volcanic fields is relatively new. Previous
studies of active volcanoes or geothermal regions such as Kilauea (ZABLOCKI, 1976),
Yellowstone (ZOHDY et al., 1973) and Long Valley caldera (ANDERSON and
JOHNSON, 1976), revealed that thermal zones were in most cases correlated with pos-
itive SP anomalies. However, as we will show in a later section, Shinmoe-Dake has
a negative SP- anomaly in its crater basin. In this paper we are going to clarify the
mechanism which causes the negative SP anomaly. We will also discuss the other

SP anomalies found on the volcano.

2. Self-Potential Measurements

We conducted SP surveys in November 1992, May 1993, and October 1993.
The northern and eastern slopes of Shinmoe-Dake were explored in the first survey,
the crater basin in second, and the area from the south to west in the last. Fig. 1
shows the distribution of survey points. We employed an electric cable 400 m long,
a pair of Cu-CuSO, non-polarized electrodes and a portable digital voltmeter with
internal impedance of more than 10 M-ohm. We removed surface soil with weeds
or pebbles before we put an electrode on the ground. We took an average of the
values obtained on at least three individual points for each site to eliminate anoma-
lous potentials of very local origin. Scatter of values at each site did not exceed 10
mV in most cases.

We also conducted continuous monitoring of self-potential at several points on
the western slope of the volcano from December, 1991. Only slight changes in SP
as small as 10 mV were observed during 1992 and 1993. These changes are small
compared to the intensity of anomalies in the target area. Therefore, we consider
that the spatial distribution of SP in the target area has not changed during the
period and combine the results of each survey to make a single SP map on
Shinmoe-dake (Fig.2).

3. Results

Fig. 2 shows the spatial distribution of SP on Shinmoe-Dake. In the crater
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Fig. 1. The distribution of self-potential survey points on Shinmoe-Dake. Each square
dot indicates a survey point. Topographic contour lines are given in units of
meters. F in a circle shows the location of a fumarole. The crater lake is shown as

a dark area at the center of the crater.

Fig. 2. Self-potential map (raw values before topographic correction) in the same area
as Fig. 1. SP values are given in units of millivolts. The contour interval is 25

millivolts.
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basin, a negative anomaly is located on the crater lake. Two positive patches sur-
rounding the lake correspond to fumaroles. Outside the crater, we find high SP
zones several hundred meters across on the southern and eastern slopes.

A trend of SP values correrated with topographic elevation can be seen, espe-
cially on the northern slope. As the topographic elevation becomes higher, the self-
potential tends to be lower. In SP surveys in mountain areas we often encounter
this kind of SP profile. IsHIDO (1989) explained that such “topographic effects” are
caused by steady-state fluid flow owing to spatial variations in the elevation of the
subsurface water table. Using the SP profile on the northern slope, where we can
see a good correlation between SP and elevation, we estimated the gradient of the
SP per unit topographic elevation to be about -1.4 mV/m. In general the gradient
varies depending on geology, it is usually - mV/m to -10 mV/m in Japan (ISHIDO,
1989). The value of -1.4 mV/m is reasonable considering of the low resistivity in
the surface layer of Shinmoe-Dake. We assumed the topographic SP gradient to be
constant throughout the target area and obtained a corrected SP map as shown in
Fig.3. The intensity of the positive patches at the fumaroles in the crater basin
became as weak as 10 mV after the topographic correction. On the other hand, the
negative anomaly below the crater lake was pronouced. Consequently, the positive
patches became negligible compared to the negative anomaly in the crater lake. This
result is natural if we again take the low resistivity and the weakness of the fumar-
olic activity into consideration. The positive anomalies on the eastern and southern

slopes also became dominant after subtracting topographic effects.

4. Negative Anomaly below the Crater Lake

Most previous studies of self-potential in volcanic areas have reported positive SP
anomalies in thermal zones, active fissures or craters (e.g., ZABLOCKI, 1976; BALLEST-
RACCL1982; MASSENET and PHAM, 1985; NisHIDA and ToMIYA, 1987, HASHIMOTO
and TANAKA, 1995). However, as we can see in Fig.3, the spatial distribution of
SP on Shinmoe-Dake shows a negative anomaly in the crater. The negative anomaly
amounts to -150 mV with a diameter of about 500 m. In Shinmoe-Dake’s case we
propose that drainage of water at the bottom of the crater lake causes the streaming
potential. The streaming potential is an electrokinetic phenomenon, which originates
in the electrical double layer at the interface between solid and liquid. This poten-
tial is generated by selective transport of ions along the fluid flow through a
porous medium. Positive charges tend to be transported along the flow under the
condition of typical crustal rock-water system. If water seeps from the crater lake of
Shinmoe-Dake, some streaming potential accompanying the downflow should be
generated. This streaming potential will cause a negative SP anomaly on the ground

(or lake) surface. In the following discussion we will quantitatively examine whether

the electrokinetic process is a_dominant cause of the present negative anomaly or
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Fig. 3. Self-potential map (after topographic correction) in the same area as Fig. 1.
Units of SP values and contour intervals are the same as in Fig. 2.

not. The possibilities of other mechanisms will be discussed in a later section.

Drainage of water from the crater lake can be dealt with as an example of
source free flow across a boundary with different electrokinetic coupling coefficients.
According to the capillary model (IsHiDO and MizuTaNi, 1981) for a porous
medium, total electric current by electrokinetic coupling, I, can be expressed as;

1="70 55 (1)

where the symbol |} indicates the change in the physical parameters on the left from
medium 1 to medium 2 accross the boundary. %, # and k denote porosity, tor-
tuosity and permeability of the medium, respectively. € is the dielectric constant of
the permeating fluid. § is the zeta potential of the electrical double layer. j denotes
fluid flow per unit area. 4 is the cross-section across which fluid flows (in this
case, the crater lake area). Let us assume %£ 2=0.1 and £=1X10"2 V as realistic
values, They are typical ones in laboratory experiments (ISHIDO and MIZUTANI,
1981). ¢ is taken as 7X107!° F/m for water at 27 °C. A4 is given as 5X10* m2
We must know j and k in order to estimate I.

We can estimate j, water drainage, from the crater lake water balance. Varia-
tion of the water volume in a closed lake, 4V, is expressed as;

AV = (Qin— Qout)- At —E-Jt-A+P- A4, (2)

where Qin: surface and subsurface water infiow from the surroundings (m3/sec),
Qout : seepage from the lake (m3/sec), At : lapse of time (sec), E : evaporation (m/
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1993.May 1993.September

Fig. 4. Snapshots of the crater lake of Shinmoe-Dake in May 1993 (Left) and in
September 1993 (Right). The crater lake is indicated with black color. The
precipitation amounted to 7000mm from May to September in 1993, which was
unusually high. The crater lake water level increased by about 15m during that
period.

sec), P : precipitation (m) during time 4 ¢. In this study we deal with the period
from May to September of 1993, during which we had unusual precipitation (about
7000 mm in five months) and consequently the water level of the crater lake in-
creased by about 15 m (see Fig.4). 4 ¢ is taken as 3X 10 sec. 4 ¥V is estimated as
4X10° m®. We assume that E is 50 mm/month, which is a typical evaporation rate
in Japan, since we have no evaporation data on Shinmoe-Dake. A4, the lake area, is
given as 5X10* m?. Consequently, we obtain the evaporation and the precipitaion
terms as E+dt-A=1X10* m® and P-4=4X10° m? respectively. As for Qin, we
have poor knowledge. In this study we take half of the precipitation inside the rim
of the crater as Qin. Therefore we obtain Qin*A¢=1X10° m® Comparing the terms
in eq.(2) we can neglect the evaporation term. Accordingly, we obtain Qout = Qin
~8X 102 m®/sec and we have j= Qout/A=2%10"% m/sec.
Permeability £ of the ground can be estimated from Darcy’s law,

k
uVP, (3)

where [/ P is the pressure gradient. In this study we are discussing the conditions

Jj=

around the boundary between the lake and the ground. Therefore we regard [ P as
hydrostatic pressure at the bottom of the crater lake, ie. 1.5X10° Pa. g is taken as
1X107% Pa-s, which is the viscosity of water at 25°C, From eq. (3), we obtain k=
1X107** m*=1X10"2 darcy.

Finally, substituting the values estimated above for j and k in eq. (1), we can
determine the total electric current I as 6 A.

Let us examine the plausibility of the estimated value of I. We can calculate




Self-potential Measurements on Shinmoe-Dake 263

0 -
T —
50 N~
2 100 =2 (A V/
=
£ 15 1=6 (A \ /
aC,) 0 ( ) 4\ I 1(ohr;\-m) 1\20 ™
3 -200 »4x
oy 1=18 (A) 2
3’3 -250 200 (ohm-m).............
-300 ;
-600 -400 -200 0 200 400 600

r{m)

Fig. 5. Calculated SP profiles (cross section including the current source) for a
two-layer model with a single point source at the boundary between the upper
(lake water) and the lower layer (ground). The resistivities of water and soil are
fixed at 1 and 200 ohm-m, respectively. The upper layer thickness, i.c. the lake
depth, is fixed at 20m. The cases I =2, 6, and 18 A were calculated.

what the SP profile on the ground (or lake) surface should be for a current source
at a specified point. Negative electric current sources appear at a boundary of
electrokinetic coefficients. In this case the lake bottom acts as the boundary. Hence,
we should consider a disk-like current source at the lake bottom. As the first-order
approximation, we assume a single point source of electric current placed at the
boundary between lake water and ground. We calculate the two layered (lake water
and ground) case. See Fig. 5. We assume that the resistivity of the upper layer
(water) is 1 Q-m because Shinmoe-Dake lake water is supposed to contain ions to
some extent so that its resistivity should be lower than that of meteoric water. The
thickness of the upper layer is 20 m (lake depth). According to the magnetotelluric
measurements by KAGIYAMA (1994b), the resistivity of the lower layer (ground) is
200 Q-m. We calculated SP profiles on the lake surface in the cases I=2 A, 6 A
and 18 A. The profile with the current source of 6 A is almost the same as the
observation in its intensity and lateral expansion. Accordingly, the electrokinetic
process can well explain the negative SP anomaly in the summit crater.

5. Positive Anomalies on the Eastern and Southern Slopes

Let us consider the cause of positive anomalies on the eastern and southern
slopes. Thermoelectric and electrokinetic effects can generate a positive SP anomaly.
According to ground resistivity measurements by the magnetotelluric method by KA-
GIYAMA (1994b), low resistivity zones (< 3 Q-m measured in the ELF band) are
roughly coincident with positive SP anomalies. This correspondence suggests upflow
of water heated beneath the area. Ground temperature data should be a definite
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clue for such an interpretation. We should pursue temperature measurements in the
future.

Electrochemical effects, or chemical concentration cells, can also generate a pos-
itive SP anomaly. As will be discussed in a later section, anomalies through this
mechanism are not expected to exceed several tens of millivolts. Therefore, it is dif-
ficult to attribute the positive anomalies to electrochemical effects only. However, we
should also take account of the lateral inhomogeneity of deposits of Shinmoe-Dake.
IMURA and KoBayasHI (1991) made isopach maps of the pyroclastics, pumice fall
and ash fall deposits of some recent eruptions of Shinmoe-dake. These deposits have
eccentric distributions with principal directions to the east or the east-southeast.
Such concentration of deposits can generate an anomaly in self-potentials, though
we still have not identified such materials acting as a chemical concentration cell.

6. Discussion

Besides the electrokinetic effects, there are several possible mechanisms which
cause a negative SP anomaly on the ground surface. We will briefly examine their
plausibility as couses of SP anomalies on this volcano.

Electrochemical effects

Chemical concentration cells may generate electric potentials. However, the
potential by this mechanism does not exceed several tens of millivolts (CORWIN and
HOOVER, 1979) in the ordinary geothermal area except in the special cases such as
an alunite field (GAy, 1967). It does not seem that the negative anomaly of
Shinmoe-Dake is caused by the electrochemical process.

Redox reaction effects

Some kinds of conductive mineral deposits are known to generate negative self-
potential anomalies. SATO and MOONEY (1960) proposed a mechanism by an
oxdation-reduction reaction. A conductive mineral deposit serves as a path for elec-
trons from the reducing environment at depth to the oxidizing one in the superficial
layers. Resistivity measurements by the magnetotelluric method with VLF and ELF
radio waves (KAGIYAMA, 1994b) do not show any indication of such a conductive
mineral deposit beneath the crater of Shinmoe-Dake. Therefore this mechanism can-
not be a major cause for the SP anomaly in this case.

Thermoelectric effects

If there is a temperature gradient across a sample of rock, then a corresponding
voltage gradient will appear. NOURBEHECHT (1963) presented thermoelectric coupling
coefficients for a variety of rocks and gave the spherical source model. According
to his model calculations, the thermoelectric process can generate either positive or
negative anomaly. However, we must assume an unrealistically large temperature
contrast between inside and outside a spherical source (~1000°C) in order to
explain the anomaly of Shinmoe-Dake, hence we can safely rule out this possib-
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lility.
Now we conclude that the negative SP anomaly in the summit crater can be
explained only by the electrokinetic effect.

7. Summary and Conclusions

Several SP anomalies were found on Shinmoe-Dake, one of the active volcanoes
in the Kirishima volcanic group. The major features are the concentric circular neg-
ative anomaly in the crater basin and the positive anomalies in the eastern and
southern slopes. The streaming potential by drainage of water from the crater lake
is the most plausible cause for the negative anomaly. The cause of the positive
anomalies on the eastern and southern slopes is not certain, though streaming
potentials by subsurface hydrothermal upflows or electro-chemical effects with con-
centration of deposits may be possible candidates.

Positive patches exist in the raw SP map around fumaroles in the crater basin.
They can be mostly ascribed to topographic effects, and hence, the streaming poten-
tial by fumaroles is concluded to be negligibly small in the target area.
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