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1. Introduction.

Recently a number of reports” have been published of studies of
electric and magnetic disturbances accompanying activities of volcanoes,
such, for example, as sudden variations in terrestrial magnetism and
earth-current.  Obviously, continuous and systematic observations of
the phenomena, especially of their characteristics in detail, are most
important in the present study, as also experimental investigations of
the electric and magnetic properties of lava,” which may be related
directly or indirectly to electric and magnetic disturbances. The writer,
therefore, endeavoured to measure the magnetic susceptibility, coercive
force, electric conductivity, and the ionization of volcanic lava, and
their temperature-coefficients,.

First, we measured the electric conductivity and the temperature-
coefficient of a number of volcanic rocks ejected from the volcanoes
Asama and Mihara. It is well known that conspicuous earth-current
disturbances occur in connection with eruptions of volcanoces in the
neighbourhood of craters. As possible causes of this phenomenon,
there are several facts to be considered in connection with volcanic
eruptions, such as electro-motive force due to inequalities in the extent
of ionization of the lava in the crater, thermo-electric current produced
by inequalities in its neighbourhood, and disturbances in the electric

1) For example, Y. KAT0, Jap. Jour. Astr. Geophys., 12 (1934), 19.
T. MINAKAMI, Bull. Earthq. Res. Inst., 13 (1935), 629 ; 790.

2) Following reports have been published of studies on .these characteristics of
Mihara lava :—*‘‘ Permanent magnetism of volcanic bombs’’ by S. NAKAMURA and
S. KIKUCHI, Proc. Tokyo. Math. Phys. Soc., 6 (1912), 268; ‘‘ Measurement of electric
conductivity ete.” by K. Fuzl and T. MizogucHI, Proc. Tokyo. Math. Phys. Soc.,
7 (1914), 243. :
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field around the crater due to anomalous variation in electric conduc-
tivity of lava in the volcano. Although we cannot at present say
which of these is the most potent cause of the disturbances, a know-
ledge of the magnitude of the conductivity, it is believed, might furnish
a clue to this problem.

The variation in electric conductivity with temperature is expected

to be closely related to that of the viscosity of the lava, as in the case
of viscous glass, in which, as is known empirically, the reciprocal of
“the ionic conductivity varies linearly with the coefficient of viscosity.
If this assumption holds in the case of volcanic lava, we can easily
obtain the value of the temperature-coefficient of viscosity by measur-
ing its electric conductivity, the absolute value of which, however, must
be measured dynamically.

2. Method of Experiments.

The specimens were crushed fine, the -diameter of the particles
being about 0-1 mm. A portion of the crushed lava

and a pair of electrodes were placed together with a ale
thermo-junction in a Tammun-tube, 10 cm long and
1-8cm in diameter, arranged as shown in Fig. 1. g

The electrodes, which were small platinum spheres
of 1'Tmm diameter, were connected to the ends of
platinum lead-wires 05 mm in diameter, inserted in
porcelain tubes, except that part of the wires 1 mm
from the centre of each sphere. The distance be-
tween these two electrodes was 11'5mm, and the
constant for reducing the apparent conductivity into
specific conductivity was" determined by using fused
NaCl and dilute solution of H,SO,. In the begin-
ning of this experiment, the conductivity was measur-

Fig. 1. Arrange-

ed by the so-called Kohlrausch bridge method. Pro- ment of electrode

vided a higher order of accuracy is not required, the -  with specimen.

method of directly measuring the resistance is also E; Electrode.
T; Thermo-

applicable, experiment by this method being easier.
Consequently in most of the experiments, the con-
ductivity was measured directly. To render the polarization effect as
small as possible, alternating-current of 50-cycles was used throughout
this experiment. The procedures in these two methods are shown in
Figs. 2, and 3. :

Jjunetion.



Part 3.] Some Physical Properties of the Lava of Volcanoes. 665

3. Results of Experiment.

The electric conductivity of Miharaite (basic molten lava of Volcano
Mihara) ejected in 1913, and that of olivine-bearing-hypersthene-augite-
andesite (the bread-crust bomb) of Volcano Asama ejected in Septem-
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l Fig. 3.

Electric connection in direct

Fig. 2. Electric connection in bridge measurement method.
method. S; Specimen.
S; Specimen. R; Standard variable resis-
G; Galvanometer. tance.

ber, 1929, were measured .at various temperature ranging from 400°C
to 1250°C. The chemical composition of these two rocks are reproduced
in Table I from the papers by S. Tsuboi® (for Mihara) and by H.
Tsuya® (for Asama).

Table I.  Bulk Compositions of Specimens.

l Mihara Asama

SiO, 51-45 60-24
AlLOs 16-84 " 16+43
Fe,0; 1-49 1-54
FeO 10-95 5-26
MgO 4-48 3:92
CaO 10-71 702
Na.O - 3-00
Mg0; 1-23 ’ -

- K»O 0-37 1-16
H,0 + }072 1-17
H,0— 0-06
TiO, : 1-27 0:70
P.0; 026 _ 0-13
M. O 0-19 0-11

3) Y. OKAMURA, Rep. Geol. Surv., 48 (1914),
4) H. Tsuya, Bull. Earthq. Res. Inst., 11 (1933), 575.

.
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The heating and cooling velocities were nearly uniform, and times
required for raising the temperature from 300°C to 1250°C and that
for lowering from 1200°C to 300°C were about three hours. The rela-
tion between the reciprocal of the absolute temperature and the log-
arithm of the specific electric conductivity was shown in Figs. 4,
and 5.

From these figures, it will be seen that the Rasch and Hinrichsen
formula® for temperature effect on the electric conductivity of a fused
salt in amorphous state is applicable to voleanic lava. Thus, the rela-
tion between the specific conductivity ¢ and the absolute temperature
T of lava is expressed by the formula,

log 6=A—BJT, (1)
where A and B are constants, each of which is significant thermo-

dynamically. Differentiating both sides of equation (1) with respect
to T, we have

dlogs C
dT T RT?* ‘ (2)

This equation is a modified form of van’t Hoff’s equation reffered
to by Rasch and Hinrichsen.”
In the case of Miharaite, the formula is not so exact as in Asama
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Iig. 4. Relation between temperature Fig. 5. Relation between temperature
and specific electric conductivity of and specific electric conductivity of
Asama lava in amorphous state. ) Mihara lava in amorphous state.

5) E. RascH and F. W. HINRICHSEN, Z. S. f. Elcktroch., 14 (1978), 41.
6) loc. cit.



Part 3.] Some Physical Properties of the Lava of Volcanoes. 667

lava. In a similar case of glass, L. L. Holladay™ proposed theoretically
another formula of the form

loga:A—-;—logT—B/T, ' (3)

although there seems to be some arbitrariness in his theoretical con-
siderations. In opposition to Holladay’s theory, H. Schonborn® explain-
ed the deviation from the linear relation between loge and 1/T by
pointing out the existence of a critical point where the chemical state
of the glass changed discontinuously and the temperature-coefficient in
equation (1) also changed discontinuously at this point. Although the
writer will not attempt here to criticize this problem, his further
studies are expected to provide an explanation of the foregoing devia-
tion from the linear relation.

The curves in Fig. 6 show the variations in intensity of the
current that flows through the specimen when the alternating-voltage
applied in each case was 105, 63,
and 42 volts respectively. Suppos- !
ing that I is the current-flow, o the
specific conductivity, V the applied \'f;v
voltage, and C a constant depending %
on the dimensions of the specimen, 4 \
the following relation is established \

when the conductivity is measured

directly, 0
1—cov. N
From the curves shown in Fig. 6, \\
there is no change in the relation N
between logs and 1/7, even if the 6 a 10 12x16*

AR

magnitude of the applied voltage is
changed. For the purpose of ascer-
taining whether the relation does not depend on applied voltage, the
conductivity was measured at temperatures of 820°, 960°, 1050°, and
1190°C, at various voltages ranging from 0-01 to 10°0 volts. The re-
sults are shown in Fig.7. The curves in the figure show that current
and field intensity are in linear relation, that is, the conductivity is
independent of the applied voltage. h :

Fig. 6.

7) L. L. HoLLADAY, Journ. Frank. Inst., 229 (1923), 195.
8) H. SCHONBORN, Z. S. f. Phys.. 22 (1924), 305.
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In heating the specimens, the

existence of a critical point was log T

noticed at 1130°C, as shown in a
Fig. 8. The equation loge=A4— /
B/T is applicable within the range

of temperature from 400°C to /

900°C, whereas at temperature
higher than 960°C, coefficient B
gradually diminishing, which how-
ever increases discontinuously at
1130°C.  The existence of this
critical point at 1180°C is a com-
mon feature of igneous rocks ejected
from Asama and from Mihara. Fig. 7.

At this critical point some portion

of the rocks may begin to melt. Upon heating powdered specimen
at room temperature, which will hereafter be called “initial heating,”
the curve showing the relation of conductivity to temperature breaks
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Fig. 8. (a) Fig. 8. (b)

Relation between ¢ and T in heating process.
(a) Asama lava. (b) Mihara lava.

at 1130°C, as shown in Figs. 9, and 10. In these two different states,
i.e., the one lower than and the other higher than 1130°C, the decom-
position-voltages " differ. It was found to be 1-60 volts in the former
and 095 volts in the latter states respectively, which ' shows that
the ionized molecules govering electric conduction differ in these two
states. From these results, the temperature.of 1130°C may be regard-
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Fig. 9. Relation between ¢ and T Fig. 10. Relation between ¢ and ¢
in initial heating process. in initial heating process.
(Mihara lava) (Asama lava)

ed as the beginning of the apparent melting of these two rocks, though
they are partly ionized at lower temperature than 1130°C. It may be
regarded as rather natural that, in cooling, they assume the over-
cooled state just as in the case of ordinary glass, with slight recrys-
tallization or transition, the rock being, as a whole, in the amorphous
state. The conductivity obtained at the temperature of our experiment
may not be exactly the same as that in the final chemical state of the
rocks at the same temperature, seeing that the extraordinary slowness
in the velocity of chemical reaction in these rocks should be taken
into the consideration. In other words, each state in the heating or
cooling process in our experiments is not in heterogeneous equilibrium.
Notwithstanding this defect, petrologically, the results of our experi-
ments are satisfactory for our purpose of estimating the order of
magnitude of earth-current disturbances due to anomalies in the con-
ductivity of heated lava, or of securing a general idea of viscosity-
variation due to temperature.

4. Earth-Current and Electric Conductivity of Lava.

As mentioned in §1, the earth-current varies when the electric
conductivity of a part of the earth’s crust undergoes marked changes.

“From our experiments, at temperatures higher than 1200°C® the

9) Approximate values of temperature of the heated lava in craters have been
reported as follows. 1000°C (Mihara), 1000°C (Asama), 1100~1300°C (Kilauea),
1150~1180°C (Vesuvius), 1100~1150°C (Storomboli).
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specific resistivity of andesite and basalt is smaller than 5 ohm ‘cm,
while at room temperature, that of igneous rocks, sand-stones, and
other soils is of the order of 103~105 ohm/cm.”> We shall now estimate
the magnitude of the anomaly just mentioned. In the case of a vol-
cano, we could consider a simple model like the ~
following: for the sake of simplicity, we shall
deal with a two-dimensional problem. In Fig. 2
11, the circle represents the boundary of the .
crater, in the outer region of which the electric A
conductivity o, of the medium is homogeneous, / -
and in the inner region of which the conduc- / ”
tivity o, is also uniform. We assume that

the electric field E is constant at points in- Fig. 11.
finitely distant from the circle. With these

assumptions, we get for the field of the stationary current,

X

A

i=—ograd¢ l
7y =0 I (€Y
‘ a5 20,=0
where ¢, and ¢, are the potentials in the inner and outer regions of
the boundary-circle of radius R.

The boundary-conditions (contact electro-motive force at the boun-
dary not taken into consideration) are

(¢1) r-2—(¢3) - =0
al(aﬁ) —0 (89*2 ) —0
or/,. or . @)

(%)= (%)=
r=00 , 82/ r=0a

From these equations and boundary-conditions, we get the follow-
ing solutions in polar-coordinate, the origin of which has been taken at

the centre of the circle, and azimuth 0 is measured with reference to
the X-axis,

0, =C— 2Ha, 7 cosd

0,+a;

(3)

g, — 0.
¢;=C—Ercosf+—1—2F 42 cosf
91T 0y

10) Handb. d. Exp. Phys., XXV, 3. Teil p.p. 464~471.

T. HarToRr! and R. OGIMURA, Bull. Geotech. Comm. Gov. Rail_warys' Japan, 3 (1934), 192.
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Outside the circle, the intensity of the electric field is expressed

E = _%:Efl_*,fdg —R—>2c0521‘]1
ox " oyto, \ 1 !

(4)

90, —
E=-22_pni=% <—~) sin2/
oY g,+0,

If the results of this calculation can be applied to the problem of
disturbances in the earth-current in the vicinity of the crater, the
magnitude of the disturbances in the electric field due to anomalies in
the conductivity of lava in the crater, is given by the formula,

6,—05 ( R \2
6,40, (T>. (5)

As we have dealt with a stationary state in the foregoing con-
siderations, the results cannot be used in explaining the case of a
sudden commencement of disturbances due to abrupt change in conduc-
tivity. It can be used only in explaining a gradual change in the
electric field.

When the lava in the crater is in the molten state, the ratio o,/0,
amounts to 103~10% and JE~+ E (R/r)?%, whereas if the interior of the
crater were approximately hollow, 4E=—FE(R/r)?% It is possible for
the electric field actually to vary between these two extreme cases.
Further detailed discussion must be withheld until the survey of the
electric field in the vicinity of the volcano is completed.

dE=F

5. Viscosity and Electric Conductivity of Lava.

In our experiment, the electric conductivity of lava in the amor-
phous state satisfies approximately the equation

logo=A—-B/T, .. o=aeT.

This means that the velocity of the ions in electric conduction are
distributed microscopically after Maxwell’s law. As in the fluid state,
Stokes’ law may be invoked in considering the effect of viscosity on
the motion of these ions, provided Maxwell’s distribution is assumed.
Then

k
61y’ 1)

where u is the velccity of the ions, 7 the coefficient of visqosi_ty, K the
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intensity of the electric field, and # the radius of an ion. On the
other hand, the specific conductivity ¢ is given by

o=NuzF, (2)

where N is the number of ions in unit volume, z the electric charge
of an ion, and F Faraday’s constant. From equations (1) and (2),
we get

NzFK 1
=6 5" (3)
Taking (NzFK)/(67r)=constant=C, and 1/s=specific resistivity =
w, we have

w=Cy. , v (4)

Although this relation does not exactly hold in the case of vitreous
substances, it may be used in estimating the values of the coefficient
of viscosity, as measurement of conductivity is not so difficult com-
pared with measurement of viscosity by dynamical methods.

In glass engineering, F. F. S. Bryson'" showed that an approxi-
mate parallelism between w and 7 holds in the case of ordinary glass.
Seeing that both glass and volecanic lava are silicates, it would seem
that in the case of volcanic lava, it would also be practicable to
estimate the variation in viscosity by measuring its electric conducti-
vity. This problem is now receiving the attention of the writer.

6. Conclusion.

This report is a preliminary study on the electric and magnetic
properties of voleanic lava, in which the general aspects of the rela-
tion between electric conductivity and temperature is dlscussed details
of which appear in a following paper.

In couclusion, the writer wishes to express here his sincere thanks
to Prof. M. Ishimoto and Dr. R. Takahasi for their encouragement in
this study. His cordial thanks are also due to Dr. H. Tsuya for his
interest in the present work.

11) F. F. S. BryYsoN, Journ. Soc. Glass Tech., 11 (1927), 331.

3

v



'i'

L]

Part 3.1 Some Physical Properties of the Lava of Voleanoes. 673

43. &Fﬂqﬂzﬁﬂ(m'k%-@%ﬂa@,&{g
L BEMEELRTILORIERL

. OB R K H #®

BERAINTES SRS, RO BRI T RO O IEL B 272071107, —HIiheTiIk
WS OBEANMEE 2 WHRIIH~2 Y, HONBIEEE L Cakd 232 Ba.,

RABOMOWMAFEL, =, SEIFMITHEE SN L oD 397, FEX ([T 24 U
BRI EZFEEAL O RINTREE ISR T, JE@%@@&’J&E@%}S«'&%K LT,

AEETE, ROHBOTAMIIREDOEEE 2L p8ME 2 F~, 1130°C HIFISBREED FE L
Ty 2V LoBIEITACTUL, BRAEESZELIEM L 23, NSRBL2 AT U GRIIT
3BEILL, logo=A—B/T (o (IILTWHEEE, T (TEHIEE, A, B (IKE) OGS EHM 3
na D H oL,

IORBEROEM S LU, WEROBME, AMEEOREORESMEEIIH LT, HToi
M iFor. '




