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Prediction of Volcanic Eruptions

Catastrophic volcanic eruptions are one of the most formidable
natural phenomena, which sometimes take away the lives of hundreds
and thousands of people and lead to enormous property losses. A
prompt prediction of time, place, intensity and nature of eruption
would allow us to reduce to a minimum such losses. Therefore the
prediction of eruptions is one of the basic practical problem of
volcanology.

The International Association of Volcanology has already discuss-
ed the questions connected with prediction of eruptions in two sym-
posia, in Paris in 1959 and in Tokyo in 1962. The Paris symposium
of 1959 has worked out special recommendations which are still
valuable (GEezg, 1960). At present, UNESCO is paying much attention
to this problem. Consequently a review of the work made and of the
results obtained, and the discussion of the direction of further studies
on prediction seem to be extremely important. This review deals
with the works accomplished and published only in the last 10 years,
i.e. from 1959.

Prediction studies are based on the observation of reliable pre-
monitory symptoms of eruptions. Such forerunners may be either of
geophysical nature — earthquakes; tilt of surface caused by defor-
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mation of the volcanic edifice; variations in the magnetic or electric
field, etc. —, or of geochemical nature — variations in composition
and temperature of fumarole gases and volcanic mineral springs and
crater lakes.

A significant role is played by volcanic zonation, i.e. a preliminary
delimitation of the zones dangerous during eruptions.

GEOPHYSICAL METHODS OF PREDICTION
a) Preliminary earthquakes

Studies on the possible relation between preliminary earthquakes
and subsequent eruptions have most intensively been carried out in
Japan, USSR, Hawaii and New Zealand (GorsHkov, 1959, 1960, 1961 ;
TokAREv, 1963, 1964, 1966; MacpoNaLD, 1959, 1960; MiNnakamr, 1959,
1960; MiNnakaMI et al., 1959, 1960; Suwa, 1965; Yasul, 1963; and
others).

Nearly every eruption or increase in volcanic activity is preceded
by a swarm of earthquakes. Preliminary earthquakes were observed
in the small islands (MacpoNaLp, 1960; TAYLOR, 1963; Apams and
DiBBLE, 1966), in the inner parts of the continents (BERG and JANSSEN,
1960), and in the island arcs (Gorsnkov, 1960; Minakami, 1960). One
can say quite definitely now that no significant eruption will be
unexpected in those volcanic regions where there is a continuous
seismological control. Unfortunately, relationships between seismic
and volcanic activities are specific for each volcano. So far, it is im-
possible to give a general formula valid for all the volcanoes to
predict a precise time of eruption. However, epicenters of preliminary
earthquakes indicate rather accurately the place of the forthcoming
eruption.

In certain cases as, for instance, during the outbreak of adventive
craters of the Kliuchevskoy volcano (GorsHkov, 1960; TOKAREV et al.,
1968) or at the Sakurajima volcano (Yasul, 1963) eruptions began
during a sharp decrease in the number of preliminary earthquakes,
and earthquakes actually completely ceased at the beginning of the
eruption. In other cases, for example at the Bezymyanniy volcano
(Gorsukov, 1959, 1961) or at the Asama volcano (MiNakami, 1959,
1960), eruptions began during a sharp increase in the number of pre-
liminary earthquakes, which did not end even with the beginning of
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eruptive activity. For the Asama volcano, where continuous observa-
tions have been carried out for almost 60 years, an empiric rela-
tionship is deduced to correlate the number of earthquakes in the
swarm and the probability of an eruption.

A quite promising method takes into account not only the num-
ber of earthquakes but also their energy. Thus it was observed with
regard to the Bezymyanniy volcano that between eruptive phenomena
and energy of accompanying earthquakes these exist certain connec-
tions. A paroxysmal explosion on March 30, 1956 tock place during
a decrease of the total energy of earthquakes (Gorsukov, 1959, 1960,
1961).

P. 1. Tokarev (1963, 1966) suggested a method of prediction of
eruption based on the curve of accumulation of conventional defor-

mation (2 VE) (strainrelease parameter of Benioff), and gave the
following equation for the Bezymyanniy volcano:

Tui=ti[1— a]-l—a
€

where T, is the day of the beginning of the eruption; ¢; is a conven-
tional deformation for # days; a is an experimental coefficient.

According to Tokarev this equation is valid universally for predict-
ing eruptions of all volcanoes.

To predict an eruption it is important studying not only the
numeber and energy of preceding earthquakes but also the mechanics
and the depth of the focus (MiNakami, 1964; MiNakaMI et al., 1960)
and spatial distribution of epicenters. Thus at the Aso volcano in
1965-66, before the eruption, epicenters were concentrated in a narrow
zone while after the eruption they were scattered over a vast area.
The character of the first movement changed as well (Wapa and Subo,
1967).

Epicenters of earthquakes may be situated beyond the limits of
a volcano. In this case the eruption is improbable and thus it is
possible to prevent unreasonable fears in the population. This, for
instance, was the case of the Kotsu-sima island in 1965 (SHIMO0ZURU
and HoriGoME, 1967).

At present a system of teleseismographs with transmission of
data by radiochannel is being arranged (KUBOTERA and YOSHIKAWA,
1963; LATTER, 1969, pers. comm.). Such installations would simplify
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to a great extent the control of vast areas. Recording on magnetic
tape (DBBLE, 1966) allows a direct introduction of data into the elec-
tronic computer, for instance for a continuous counting of energy.
Combination of teleseismographs and tape-recording with electronic
computers will automatize seismic computations and facilitate greatly
the problem of prediction of eruptions.

During recent years Blot and Priam have drawn attention to
the fact that many eruptions are preceded by strong deep tectonic
earthquakes several months earlier (BLor and Priam, 1963; PRriam,
1964; BLoT, 1965). WarRD and MatumoTo (1967) deny such a connection
though Tokarev (1959) pointed out earlier that a positive correlation
is observed in the Kurile-Kamchatka zone between eruptions and
earthquakes with M > 6 and with depth of 70-150 km. A further
statistical control of the available data is necessary.

Before the eruptions and more often during them, a specific type
of volcanic earthquake is recorded — volcanic tremor. There are
many types of tremors, connected with explosions in the crater, with
effusion of lava flows, with underground magma movement, and so
on. The source of tremors is usually at a small depth; however, sub-
crustal sources are evidently also possible (Gorsukov and DUBIK,
1970). Inspite of the vast literature on volcanic tremor this phenom-
enon is still insufficiently studied. It is possible that volcanic tremor
would be an additional source of information for the prediction of
eruptions and their types.

As it was said at the beginning of this report, almost every erup-
tion is preceded by earthquakes bur earthquakes are not always an
undisputable indication of eruption. Sometimes, after a rather inten-
sive earthquakes swarm the volcano does not intensify its activity
(GorsHkOV, 1960; EiBYy, 1966; MINAkAMI, 1964). This fact makes the
prediction of eruptions an even more difficult task. Therefore it is
necessary to combine seismic observations with other methods, of
which one of the most common is the geodetic method.

b) Geodetic methods

Observations of tilting of the Earth's surface and deformation
of volcanic edifice are carried out most widely in Japan (Moc1, 1958;
YosHIKAWA, 1961-1962; KuBoTErRA and YosHIKAWA, 1963; etc.) and in
the Hawaiian islands (MacpoNaLp, 1959, 1960). Observations of tilt
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became considerably simpler thanks to the Eaton portable watertube
tiltmeter (EaToNn, 1959) ().

As a result of tilt observations it was shown that before the
eruptions of the Hawaii volcanoes the summit part elevates and the
tilt increases, while after the eruption the reverse process takes place.

At the Sakurajima volcano before the eruption an anomalous tilt
occurs in a definite direction. The direction of tilt is evidently specific
of each volcano. However, by combining earthquake and tilt observa-
tions, the accuracy in predicting eruptions increases.

Observations of deformations are carried out also with the help
of extensometers. Thus at the Sakurajima volcano it was observed
that a compression along the vertical occurs before eruption.

Deformations along the horizontal and vertical directions are also
detected by levellings and triangulations. At the Hawaii islands it
was observed that horizontal extension of the Kilauea crater takes
place before eruption. During the last years R. W. Decker has used
tellurometers (with the frequency of 10,000 MC) and geodimeters to
study horizontal deformations. The accuracy of measurements with
this apparatus reaches 47 mm per km and the measurements them-
selves become considerably simpler (DECKER et al., 1966; DECKER and
WRIGHT, 1968).

c) Magnetometric methods

Observations in the neighbourhood of some volcanoes showed
that variations in the activity of volcanoes were accompanied by
variations in the local magnetic field.

By researches on Mihara volcano carried out since 1950 it was
shown that several months before eruption an increase in the west-
ward drift of declination occurred. This phenomenon is evidently
caused by demagnetization of rocks while they are heated higher
than the Curie point (RIKITAKE et al., 1963).

Variations in the magnetic field caused by variation in volcanic
activity are observed also in the Kurile islands (BERNSTEIN, 1960),
and at the Avacha volcano in Kamchatka (RYNDIN, 1964).

The author believes that variations in the magnetic field are

() With a base of 4 m an accuracy of 3x10-¢ radians is achieved. With a base of
50 m the accuracy of measurements increases up to 0.2x10-¢ radians (0.04 sec of arc).
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among the most promising forerunners of eruptions but the investiga-
tions in this direction are still few so far. Study of the magnetic
field near active volcanoes must be intensified.

GEOCHEMICAL METHODS OF PREDICTION

Researches on the composition of volcanic gases in connection
with the prediction of eruptions have been carried out in Japan and
in USSR (Iwasakr et al., 1963; NocucHI, Kamiva, 1963; SURNINA,
VORONOVA, 1964; MENYAILOV, NIKITINA, 1967). Usually when collecting
gas samples, the temperature is measured so that chemical com-
position and temperature can be considered jointly.

The investigators have contradictory opinions as to the regular-
ities in temperature variation. Thus, Neumann van Padang from
observations made in Indonesia, has pointed out that before eruptions
there was no remarkable rise of temperature (NEUMANN VAN PADANG,
1963). Continuous observations of temperatures in the crater of the
Aso volcano over a long period of time have shown that an intensi-
fication of activity takes place usually after a sharp increase and a
consequent decrease in temperature. Two-three days after the begin-
ning of the decrease in temperature the eruption is possible (TANEDA,
1963).

Temperature measurements can be made by infrared radiometers
(DEckER and PECK, 1967). In this case observations are possible from
an airplane and even from artificial Earth’s satellites (FISHER et al.,
1964; MoxuaM, 1967).

It must be pointed out that during strombolian eruptions
extremely sharp and rapid variations occur both in the composition
and temperature of gases (TAzIerr and TonNaANI, 1963; TAZIEFF et al.,
1968). In fumarole fields, in inter-eruptive and pre-eruptive periods,
these variations are evidently much slower.

It is observed that absolute contents of HCl and SO, increase
before eruption. In many cases also the ratio S/Cl increases (MENYAI-
Lov and NIKITINA, 1967; NocucHi and Kamrya, 1963). In the waters
of hot springs and crater lakes a significant increase in Cl was observ-
ed (ZeLENov and KANAKINA, 1962; SipoRov, 1966; KAaYAMA ef al., 1963).

In recent years, chromatographic methods have been used to
analyse volcanic gases, which simplifies considerably and expedites
collection of results. I, Elskens has developed a gas telechromato-
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graph with transmission of data by radiochannel (Tazierr, 1967). At
present it is quite possible to automatize the analysis of volcanic
gases and the measurements of fumarole temperature with transmit-
ting data by wire or radio. In the near future we may expect a rapid
accumulation of data on the relation between composition and tem-
perature of fumarolic gases and state of volcanoes. The role of these
date in the prediction of eruption will evidently increase.

VOLCANIC ZONATION

By volcanic zonation we mean a compilation of maps for each
individual volcano with indication of the zones which could be dan-
gerous in case of explosions, effusion of lavas, pyroclastic- and mud-
flows, etc.

In volcanic zonation, topography of the volcano and of adjacent
areas are taken into consideration as well as composition of lava,
character of the former eruptions, period of the year, wind directions,
presence of crater lakes, snow and other factors. Attention is paid
to the steps to be taken to evacuate people, to remove valuable prop-
erty, etc. (VLODAVETZ, 1959, 1960; GorsHkov, 1963 ; HEARLY, 1963 ; ZEN
and HADIKUSUMO, 1965; NEUMANN VAN PaADANG, 1960). This part of the
volcanological science is developed sufficiently well, and by a prelim-
inary zonation many thousand people have been saved in Japan,
Indonesia and in other countries.

Seismic Methods of Location of Magmatic Chambers

Until recently, all considerations on the depth of magma cham-
bers were purely speculative. The first experimental approach was
made in Kamchatka. It was based on the screening effect of transverse
seismic waves by a liquid magma chamber, discovered by the author
(GorsHkov, 1956). This result was reported at the IUGG XII General
Assembly in Toronto (Gorsukov, 1958). It was shown that transverse
seismic waves of distant earthquakes when passing under the Kliu-
chevskaya group of volcanoes at a depth of 50-70 km, are subjected
to a sharp weakening. The most probable reason of the seismic
shadow is the presence at this depth, i.e. in the upper part of the
mantle, of a vast magmatic reservoir.
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This result has been for several years the only experimental
proof of the existence of a magma chamber in the upper mantle.
Then attenuation of transverse seismic waves was discovered on the
records of nearby earthquakes in the region of the Avachinskaya
group of volcanoes in Kamchatka (Fepotov and FARBEROV, 1966). In this
case the record was made at 5 seismic stations taking into account
the corrections for ground-geologic conditions of the stations. From
the data on 117 earthquakes with hypocenter depth from 0 to 120 km
it was shown that at a depth of 20-80 km under the Avachinskaya
group of volcanoes there is a zone where transverse seismic waves
are screened. The diameter of this zone reaches 25 km. The volume
of liquid material in this zone is about 20 % of the total volume
based on a rough estimation. The absorption coefficient of transverse
seismic waves at depths of 35-80 km at the frequencies of 1-2.5 Hz has
a value of 0.039 + 0.012 km~', which is 4 times more than the normal
value for the arc as a whole, The zones of anomlaous absorption
of transverse seismic waves were discovered by studying records of
nearby earthquakes in the Kliuchevskaya group and in certain vol-
canoes of eastern Kamchatka (GoreLCHIK and Farserov; FIrstov and
SHIROKOV, in press). These zones, located in the subcrustal parts of
the mantle at depths of 30-140 km, are interpreted as zones of reduced
viscosity corresponding to magmatic chambers. An extremely interest-
ing fact is a vertical elongation of these zones somewhat tilted
towards the dip of the focal zone of earthquakes.

A similar research was made in the region of the Katmai volcano
in Alaska (Kupora and BERG, 1967). Here, on the basis of the records
of local earthquakes at 3 seismic stations the screening effect of
transverse seismic waves was also observed. In this way the existence
of 10 small magma chambers was established at depths from 10 to 50-
70 km. The chambers at depths up to 20 km correspond to specific
volcanoes. Deeper chambers have not a spatial connection with par-
ticular volcanoes.

The methods of seismic prospecting were used in Kamchatka for
location of the upper part of a feeding channel during the eruption
of the Piip crater (BALESTA and FARBEROV, 1968).

Experiments on determining depth and form (and also the elastic
properties of the material) of magmatic chambers are still a few so
far. These experiments disagree sometimes in details but the existence
of subcrustal magma chambers is not in doubt.
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The methods of seismic location of magma chambers promises
to give new important data on where the magmas originate and on
the ways of their uplift to the surface. Further observations are
necessary as well as experimental and theoretical works on this topic.
Complex researches with application of other geophysical methods
(magnetotelluric sounding, gravimetry, magnetometry) will undoubt-
edly improve the results.

General Conclusions

Researches on prediction of eruptions are directed towards
reliable forerunners of forthcoming eruptions. Geophysical and geo-
chemical methods of investigations are used, each of these methods
having in separte cases been successful. Among. geophysical methods,
recording of preliminary earthquakes is the most common. Together
with observations on the deformation of the volcanic edifice (tiltmetry,
in partucular) the seismic method seems to be the most trustworthty.

In those regions where a systematic control is made « unexpected
eruptions » cannot occur already. However, there is no method of
precise volcanic prediction so far. The place of the forthcoming
eruption can be indicated easily, but the accuracy of determination
of the time of eruption is still very low. In addition, any forerunner
may be « false alarm » followed by no eruption at all.

It is highly probable that complex researches including all geo-
physical and geochemical methods are needed, and we do believe
that a continuous control at each volcano may result in a series of
reliable forerunners. Researches are becoming simpler and more rapid,
in part thanks to the introduction of the most recent techniques
(automatization and utilization of electronic computers). In a distant
future it may be possible to « exploit » the volcanic heat, if secondary
magma chambers really exist at a depth of a few km, and thus to
prevent all the eruptions in general, obtaining, « on the way », energy
for the national economy.

As far as each volcano is concerned, a general theory of predic-
tion of eruptions is possible only on the basis of a general theory
of volcanism. At present our science is still very far from such a
general theory, Fundamental studies of general regularities in volcanic
activity are necessary for a scientific approach to the practical prob-
lem of the general prediction of eruptions.
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