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The largest magnitudes
of earthquakes associated with
some historical volcanic eruptions and
their volcanological significance
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Abstract

We know several reports of earthquake swarms associated with volcanic eruptions in the 19th century or older
periods when seismographs were not yet available. Even i’ we have no seismographs, the largest magnitudes of
earthquakes can be estimated by the maximum distances of perceptibility which are determined by reports of felt
shocks or by records of earthguake movements at various distances from the origins. For example, the largest
magnitudes of the carthquake swarms associated with the 1815 eruption of Tambora is estimated at 7 by the
reports of felt shocks from three sites and that of the 1883 eruption of Krakatau is estimated at 5 by examination
ol magnetograms in place ol seismograms. The magnitude of the 7 class is exceptionally large as volcanic origin,
but we know a few examples besides Tambora. The magnitude 5 of the Krakatau eruption is rather small contrary
to our expectation, and implies that crustal stresses had not accumulated much at the Krakatau area to cause
larger earthquakes. The earthquake magnitudes associated with volcanic eruptions are not necessarily proportional
to explosion magnitudes or volume of volcanic ejecta, and may have a volcanological significance. Such volcanic
earthquakes may be closely related to readjustments of tectonic stresses caused by magma movements or phase
transitions of magmatic material beneath and around volcanoes, and may be called magmatotectonic earthquakes.

Key words carthquake magnitudes - distances We know many important volcanic eruptions
of perceptibility — 1815 eruption of Tambora — in our history which may have been accompa-
1883 eruption of Krakatanw — magmatotectonic nied by major earthquakes. It is desirable to
earthquakes know the magnitudes of such volcanic earth-

quakes to grasp the whoele aspect of the erup-
tions. The 1815 eruption of Tambora and the

1. Introduction 1883 eruption of Krakatau both in Indonesia
_ . X _ were outstandingly large eruptions. In the 19th

Earthquake magnitude is one of the impor- century, seismographs were not yet used in prac-
tant parameters to discuss tectonic significance tice. In the following. the maenitudes of the
of an earthquake. This also applies 1o volcanic curthquakes associated with the above eruptions
carthquakes. The magnitudes are usually deter- shall be determined by their maximum distances
mmeq by e.p:centg'al‘cllslmnces, amplitudes or of perceptibility which shall be estimated by
du_ra[lon periods of seismic waves recorded with methods other than seismometry. In addition,
seismographs. we may confirm the magnitudes of the earth-

quakes by examination of damage at known

i : - i ral distances. A vari agnitudes of
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2. Relation between maximum distance
of perceptibility and magnitude

Earthquake magnitude can be empirically
determined using maximum distance of percep-
tibility R (km). Some formulas have been pro-
posed as follows:

Gutenberg and Richter (1956)
M, =—3.0+38logR (2.1}

for Southern California;

Ichikawa (1960)
M,=-10+27logR (2.2)

for Japan;

Utsu (1961)
logR = (2.3)

=— 103+ 1.0 M,—0.082 M} +0.0024 M,

for Japan, land area;

where M, denotes local magnitude and M, is the
IMA (Japan Meteorological Agency) magni-
tude which is mostly based on M (surface wave
magnitude). The three formulas are tabulated by
Utsu (1999) as shown in table I which is some-
what dispersed for larger magnitudes. In addi-
tion, the magnitudes determined in such a way
depend strongly on local differences in attenua-
tion of seismic waves, and are inevitably some-
what erroneous. To determine earthquake per-
ceptibility during volcanic eruptions of old times,
we should discriminate true earthquake move-
ments from air vibrations caused by explosions.
In the following, two examples of magnitude
determination shall be discussed.

3. The largest magnitude of the earthquakes
associated with the 1815 eruption
of Tambora, Sumbawa

This eruption is believed to be the largest
event in history from the viewpoints of volume
and dispersion of the pyroclastic ejecta, explo-
sion sounds and optical after effects on the at-
mosphere. The 18135 activity of Tambora actual-
ly started on April 5 and reached its paroxysm
on April 10, and there were no particular reports
on carthquakes during the period. Therefore,
the largest earthquake associated with the erup-
tion may possibly have occurred during the par-
oxysm of April 10.

Stothers (1984) states the chronology of the
day of eruption as follows: «At about 7 p.m. on
April 10 (local time), the eruption intensified
and attained its paroxysm. As viewed from
Sanggar (about 30 km to the east), three col-
umns of ‘flame’ rose up from the crater. Be-
tween 10 and 11 p.m., violent winds blew at
Sanggar incessantly. Possibly the caldera formed
by collapse at shortly before 10 p.m. Very loud
explosions were heard all night throughout Java
as far as Cirebon (1050 km west). In many
places the sound waves produced concussions
that resembled mild earthquakes (perhaps some
were true earthquakes)». In this report, we
cannot specify the places and the perceptibility
of the earthquakes there.

According to Petroeschevsky (1949), at 19 h
on April 10, explosions were heard at Banka
(1500 km) and Benkoelan on Sumatra (1775
km) while earthquakes were felt as far as Sura-
baya on Java (600 km), Madura Island (500
kmj), and Banjuwangi on east Java (400 km).
Considering this statement, we may assume
that the largest carthquake occurred in associa-
tion with these explosions, and the maximum
distance of perceptibility roughly as 500 km.

Table 1. Relation between magnitudes and maximum distances of perceptibility after Utsu (1999).

M 35 40 45 50 55 6.0 6.5 7.0 7.5
51 70 94 127 172 234 316 428 580  : GR
R 46 71 109 167 256 391 599 918 1407  : Ichikawa
344 462 596 741 : Utsu

 (km) 37 65 107 166 245
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Then, from table I, we obtain the largest
magnitude of the Tambora earthquakes as ap-
prox. 7.

. The largest magnitude of earthquakes
associated with the 1883 eruption
of Krakatau, Sunda

This eruption was also one of the largest
eruptions in historical times. and we have many
more data than the 1815 eruption of Tambora.
However, the carthquakes associated with
this eruption have not been quantitatively dis-
cussed.

Verbeek (1888) referred the earthquakes of
1883 in the region of the Sunda Straits, and
mentioned several shocks felt in May. After
May 20, Krakatau volcano in the strait began to
issue steam and ashes with booming sounds.
The continued moderate eruptions had been
growing in intensity. In August the following
earthquakes were felt: at 19 h 50 min, August
26 (local time), heavy earth shocks were felt at
Java’s First Point (78 km), At 02 h 30 min and
03 h 00 min, August 27, some rumbling shocks
(7) were felt at Anjer (535 km). There are no
reports of shocks commonly felt at both the
towns. These most likely were the result of vi-
brations in the air. Actually the volcano had
repeated eruptions since midnight (00 h) of
August 27 and their air waves were recorded by
a gas pressure meter at Batavia.

Verbeek concluded that the reports on the
earth shocks of August 27 during the big erup-
tion were very umreliable. The present author
suspects that the largest earthquake of the 1883
eruption possibly may have been confused
with air waves during gigantic eruptions on
August 27, probably simultaneously with the
largest paroxysm. In this respect, we should
pick up true earthquake motions from chaotic
ground movements observed around the vol-
cano.

Around 1883, seismographs were under de-
velopment in the world. For an example, in
Japan, a set of routine seismographs of Palmieri
type using U-tubes of glass containing mercury
was being replaced by that of Ewing-Gray-Milne
type using a pendulum. Thus we know that
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there were no seismographs which could detect
earthquakes associated with the 1883 Krakatau
gruptions.

As a substitute for a seismograph, we find
the magnetograms of the three components re-
corded during the catastrophic eruptions at
Batavia in fig. § in the book «Krakatau» by
Verbeek (1888) which are reproduced in fig. 1.
They can also be found in the book «Krakatau
1883» by Simkin and Fiske (1983).

The geomagnetic observations at Batavia
(6°11.0°S, 106°48.5'E) were commenced in 1866
and were equipped with Adie’s magnetograph
that was composed of three variometers. Its de-
tails and dimensions are not well known at
present .

Verbeek (1888) attributed the magnetic dis-
turbances shown in fig. 1 to the magnetic iron
contained in the ash because there were ashfalls
during that time, and presumed the eruption
itself not to influence the magnetic variations.
The present author suspects that they were main-
ly due to mechanical disturbances superimposed
on the daily magnetic variations because the
magnetographs were unintentionally protecied
against ashfalls by a housing for optical record-
ings.

To detect earth movements at Batavia, we
will utilize the oscillating systems of the mag-
netographs as seismographs. For the purpose,
the oscillating characteristics of the magneto-
araphs shall be examined in the following. The
declination variometer (D) was a small magnet
with a mirror, suspended by a thin thread of
cocoon, and has a proper period of approx. 1 s
as mechanical pendulums if we assume the
length of the suspending threads to be 0.3 m,
and hence may be rather sensitive to low-fre-
quency motions. The horizontal force variome-
ter (H) was a small magnet with a mirror, sus-
pended by two thin metal threads (bifilar) and
twisted perpendicularly to the magnetic merid-
ian, and has a shorter period of bifilar suspen-
sion, and hence may be sensitive to rather high-
frequency motions but unstable to strong move-
ments. The vertical force variometer (£) was a
plate magnet with a mirror, horizontally pivoted
near the center of gravity on a knife-edge (bal-
ance type), and has a longer period that depends
on the distance between the mass-center and the
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Fig. 1. Magnetogram of 27 August 1883 recorded at Batavia reproduced from Verbeek (1888). The g-curves are
added by the present author and indicate the daily variations on quiet days,
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knife-edge, and hence is most dull to high fre-
quency motions, but its movements are some-
times irregular due to friction of the knife-
edge.

The movements of the three magnets were
optically recorded in a dark room, and blurs of
the traces in fig. 1 resulted from rapid oscilla-
tions of the optical images. The magnets were
affected by geomagnetic and mechanical distur-
bances due (o earthquake motions. Because the
observation room was shielded from the open
air, air waves may have been mostly protected,
but infrasonic waves from the explosions might
have given rise to ground motions during their
propagation. In the figure, the smooth curves
labeled with «q» show the daily geomagnetic
variations on quiet days deduced from fig. 18
in the book of Chapman and Bartels (1940), We
may say that the A and D variometers registered
the ground motions well, and the Z variometer
clearly recorded the main motions of earthquake
waves but its movements may have suffered
from some irregularity due to friction of the
knife-edge, after the major disturbances. In
any case, the three magnetometers showed small
disturbances caused by explosions in the early
morning, and the largest deviations by the
paroxysmal explosion around 10 h 05 min.
It is probable that the largest earthquake oc-
curred simultaneously with the destructive par-
OXysms,

The largest earthquake related to the erup-
tion on August 27 was large enough to disturb
the D variometer, but not enough to upset the
H wvariometer, and to cause remarkable move-
ments of the Z variometer. The three magnetom-
eters responded to the earthquake motions, but
remained stable. Hence we may assume that
the largest earthquake associated with the Kra-
katau eruption was just perceptible at Batavia
(A = 160 km). When we adopt R as 160 km,
M is estimated at 5 in table L

In Verbeek’s Album (1888} and also in the
book by Simkin and Fiske (1983), we find the
sketches of two lighthouses along the Sunda
Straits that survived the 1883 eruption of Kra-
katau: one is at Vlakke Hoek, Sumatra about
105 km away from the volcano, a 60-m-high
iron structure built in 1880. This was washed by
tsunamis, and resisted against earthquakes dur-

ing the eruptions. The other is at Java’s First
Point about 78 km from the volcano, about 50 m
high, built with stone on a 40-m-high rock. This
had been higher before, but was severely dam-
aged by the earthquake of September, 1880 and
its top part was demolished. However, it was not
damaged by tsunami and earthquakes during
the 1883 eruptions.

Modified Mercalli’s seismic intensity (MM)
I has been empirically related to epicentral
distance A (in km) and earthquake magnitude
M by several researchers. One example pro-
posed for California by Esteva and Rosenblueth
(1964) is

I=8.10+145M-2.461nA . (4.1)

By this relation, seismic intensities to be caused
by earthquakes of the M 5 class at epicentral
distance A = 105 and 78 km are calculated
as 4.0 and 4.7 in MM scale, respectively. These
intensities agree with the lact that even the stone
lighthouse at the nearer site was not damaged
by the earthquake. By the relationship (4.1),
earthquakes of M 6 class should cause seismic
intensities of 5.4 and 6.1 at the above distances
respectively, and the nearer (stone) lighthouse
probably may have been damaged. If the mag-
nitude were 7, MM seismic intensities at both
the sites should have been 6.9 and 7.6, respec-
tively, and the flarther lighthouse must surely
have been damaged while the nearer one surely
destroyed. Hence, we may say that the largest
magnitude of the 1883 Krakatau earthquakes
should have been around 5.

Considering the violent explosions and the
large amount of pyroclastic ejecta of 12 km’
in Dens Rock Equivalent (DRE) in the 1883
eruption of Krakatau, the earthquake magnitude
3 is unexpectedly small. It is probable that orig-
inally the crust around the volcano had not
stored elastic energy enough to cause earth-
quakes of larger magnitudes than 5. Such mag-
nitudes of volcanic earthquakes are another
indicator ol magnitude of volcanic eruptions
than VEI (Volcanic Explosivity Index) devised
by Newhall and Self (1982) that depends main-
ly on the volume of tephra and cloud column
height.
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5. Some examples of earthquakes )
of magnitude 7 class associated with

volcanic eruptions

Exceptionally large earthquakes of M 7 have
occurred during some large historical eruptions.
Besides the 1815 eruption of Tambora, we know
of the 1912 eruption of Katmai, the 1914 erup-
tion of Sakurajima, and the 1996 eruption of
Karymsky. As an exception, the 1975 Hawaii
earthquake was volcanic but not accompanied
by large eruptions. In the following, we exam-
ine some details of these earthquakes.

The 1815 eruption of Tambora, Sumbawa
(M 7) — This was the greatest pyroclastic erup-

tion in the historical periods. The products of

the eruption were trachyandesite, and amounted
to 50 km” in DRE. The largest earthquake of
M 7 may have occurred simultaneously with the
paroxysms on April 10. After the eruption, there
remained a caldera measuring approx. 6 km in
diameter on the summit. The base of this volca-
no measures 40-30 km in diameter.

The earthquake of M 7 may have caused
crustal deformations over a wide area though no
geodetic deformations on and around the volca-
no were reported.

The 1912 eruption of Kanmai, Alaska (M,
7.0) — The eruption occurred in the early 20th
century, and at a remote place in that time. The
eruption produced ignimbrite of [l km' and
plinian fall deposits of 17 km® from the No-
varupta crater; their DRE volume amounts to
13 km" in total. Many earthquakes associated
with the eruptions were recorded by distant seis-

mological stations. According to Abe (1992), of

50 ealthqual\es detected, 14 have M, =6.0 and
greater, and the largest one of M, 7. 0 took place
on June 7 during a violent plmse of eruptions,
continuing trom June 6 to 8. simultancously
with a large explosion. Its epicenter was located
near Novarupta.

A large amount of andesite-rhyolite magma
erupted from the Novarupta crater, and at ML
Katmai, 10 km east of Novarupta, a 600-m-deep
and 3-km-across caldera collapsed, and detailed
explanation of the processes are not established.
Such large earthquakes may have released the
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crustal stress accumulated by magma movements
beneath the volcano. We have no reports of
crustal deformations corresponding to M 7
around Katmai or Novarupta.

The 1914 eruption of Sakurajima, Japan
(M, 7.1)— An carthquake of M 7.1 occurred half
a day after the outburst of parasitic craters and
one day before the commencement of lava out-
tlows. Its epicenter was located at about 9 km
southwest of the volcano not directly near the
volcano and the focal depth was determined at
roughly 10 km (Abe, 1981). This eruption was
a kind of fissure eruption from craterlets on both
the eastern and western slopes of the volcano,
and large craters were not formed. The effused
andesitic magma amounted to 1.4 km' DRE.
The eruption caused subsidence of the surround-
ing area extending to a distance of 50 km from
the volcano and amounting to approx. 150 cm at
the maximum near the volcano. Such deforma-
tion may be related to the large earthquake of
M 7. It is noticeable that similar deformations
may have been repeatedly accompanied by erup-
tions in the past (Yokoyama, 1986).

The 1996 eruption of Karymsky, Kanichatka
(M 6.9) — The eruption occurred at Karymsky
volcano and migrated southwards to Lake
Akademia Nauk, both are within the Karymsky
volcanic center, According to Fedotov (1998),
an earthquake of M 6.9 occurred after earth-
quake swarms, and was located at the southern-
maost part of the center. A major long-lived sum-
mit eruption of Karymsky volcano followed this
large earthquake by 5 h, and a few weeks later,
andesite-dacite lavas began to flow out from the
new crater. All the ejecta amounted to approx.
3 x 107 tons. Levina and Maguskin (2000) re-
ported that seismic active volume or seismic
focal Volume was expressed as 30 x 15 x 20 =
9000 km"and was located at 10-15 km north of
the volcano. Gordeev et al. (1998) explain that
this earthquake was a crustal tectonic and reac-
tivated a fault, through which magma began to
rise. However, it is also probable that the earth-
quake was closely associated with magma move-
ments in the depths. Maguskin er al. (1998)
carried out geodetic surveys in the volcano cen-
ter, and found the deformations extending from



The largest magnitudes of earthquakes assoctated with some historical volcanic eruptions and their volcanological significance

Akademia Nauk to Dvor calderas, for approx.
I8 km. The earthquake of M 6.9 may have been
related to crustal activity over the whole Karym-
sky volcanic center extending approx, 33 km in
the north-south direction.

The 1975 Kalapana earthquake, Hawaii
(M, 7.2) — The Hawaii volcanoes afford us an
exceptional example of a large earthquake of
magnitude 7 class that was of volcanic origin but
unaccompanied by large eruptions. The Kalapa-
na earthquake on November 29, 1975 has been
investigated from various standpoints, It caused
a tsunami at the southern coast of Hawaii, and
the coastal subsidence reached 2 m at the maxi-
mum. Ando (1979) interpreted that it was caused
by forceful injection of magma into rift zones.
But it was not directly related to the eruptions of
Kilauea: according to Klein ef al. (1987). a small
summit eruption was triggered by the earthquake,
but no east rift zone eruption occurred and its
magma remained below the surface. This earth-
quake is a tectonic one originated from magma
intrusions. Ando (1979) mentions that it may be
a [00-year recurrence of a similar event in 1868.

6. Volcanological significance of earthquakes
of magnitude 7

6.1. Magnitudes and deformation area

As for the relation between magnitudes of
tectonic earthquakes and the deformed area.
Dambara (1966) found an empirical formula as

1.53 M +9.08 = logD’ (6.1)
where D is diameter of the crustal surface de-
formed by an earthquake and measured in cen-
timetres. Dambara (1966) examined 19 tectonic
earthquakes which occurred in Japan for the
period from 1891 to 1964 and estimated D from
verlical deformations. Okada (1983) verified that
volcanic earthquakes of M 4-6 roughly satisfy
this relation. By this formula, we obtain D for
M 7 and M 5 earthquakes as approx. 40 and
4 km, respectively.

The 1883 eruption of Krakatau was accom-
panied by M 5 earthquakes and resulted in a
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depression measuring approx. 5 km in diame-
ter. Of the four major eruptions, i.e. Tambora,
Katmai, Sakurajima, and Karymsky, only the
Sakurajima eruption is known to have been ac-
companied by remarkable deformation propor-
tionate to M 7, and the Karymsky eruption had
seismic active volume also proportionate 1o
M 7. Far the other two, Tambora and Katmai,
we have no data of crustal deformation or seis-
mic volume. As for the 1975 Kalapana earth-
quake (M, 7.2), the aftershock zone covered
nearly an area of about 40 km long by 8 km
wide (Thurber and Gripp, 1988), and Ando
(1979} determined the source parameters, such
as fault length 40 km and width 20-30 km.

6.2. Magnitudes of volcanic earthquakes

Earthquakes of magnitude 7 are exceptional-
ly large like volcanic ones. Our experience shows
that magnitudes of earthquakes associated with
major volcanic eruptions (volcanotectonic or
A-type earthquakes) are usually limited to M 3
or s0. As typical examples of major eruptions,
we may mention the 1956 eruption of Bezymi-
anny with M 4.9, the 1980 eruption of Mount St.
Helens with M 5.1 and the 1991 eruption of
Pinatubo with M 5.7. Although these eruptions
were very violent by various standards, their
volecano volumes could not store seismic energy
more than A 5, and burst into the eruptions
causing sector collapses or caldera formations.
The 1883 eruption of Krakatau is a case in
point.

Earthquakes of M 6 class rarely occur around
volcanoes during or after their eruptions, for
example, M 5.9 after the 1962 eruption and
M 6.2 after the 1983 eruption of Miyakejima,
JTapan, M 6.0 after the 1986 eruption of lzu-
Oosima, Japan. These earthquakes took place in
areas adjacent to the volcanoes, and may have
occurred to readjust stress distribution in the
crust produced by the eruptions.

As for volcanic earthquakes, the author sus-
pects that there should be a distinction between
large magnitudes of 7 and smaller magnitudes
around 5. Their difference in energy releases is
about 1000 times and their mechanisms should
difter from each other. If we adopt the relation
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between magnitudes and deformation areas ex-
pressed by eq. (0.1), the M 5 class originates
from stress accumulation in local parts of volea-
noes while the M 7 class originates from stress
changes in regional area including volcanoes.
Al present, we may refer only five examples of
volcanic earthquakes of the M 7 class as men-
tioned above. The Tambora and the Katmai earth-
quakes occurred simultaneously with their larg-
est explosions while the other two occurred
during eruptive phases. DRE volumes of their
ejecta range from 2 to 50 kin™: it means that the
magnitudes of the earthquakes associated with
volcanic eruptions do not depend on the volume
of their ejecta.

These earthquakes of the M 7 class may be
closely related to stress accumulation caused by
magma movements on a large scale, such as in
the case of the 1975 Kalapana earthquake, and
to readjustments of crustal stresses caused by
large eruptions. Remarkable deformations ac-
companied by volcanic earthquakes may origi-
nate from phase changes of magmatic material
as discussed by Matuzawa (1964). In such a
sense, they may be called «magmatotectonic
earthquakes».

7. Concluding remarks

The largest earthquake of the 1815 eruption
ol Tambora is estimated at M 7 as expected
while that of the [883 eruption of Krakatau at
M 5 contrary to our expectations. The origin of
the Krakatau eruption may have been limited to
a local zone in spite of a large volume of the
ejecta and high explosive pressure. Volcanic
earthquakes of M 7 class are usually associated
with large eruptions but the converse is not
always true. And they are independent of vol-
umes of their volcanic ejecta. The largest earth-
quakes associated with volcanic eruptions may
be possibly another measure to estimate erup-
tion magnitude.

M 7 earthquakes are 1000 times larger than
M 5 earthquakes in energy releases, but distine-
tions, if any, between them in origin mechanism
or in relations with volcanic eruptions are not
necessarily clear. Uniquely, the 1975 Kalapana
(Hawaii) earthquake is interpreted to be caused
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by mugma injections into rift zones, and this
suggests that the other earthquakes should have
their own characteristic origins. In future, we
should search for more persuasive characteris-
tics of these large earthquakes from the stand-
points of volcanology and seismology. More
definitive conclusions must await the outcome
of such researches.
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