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At great depths, in the zones of its origin, magma is formed in the intergranular spaces of rocks in the
form of minute batches of melt. The area, containing a less dense melt, in the field of gravity, under the
influence of Archimedes forces begins to rise extremely slowly from the plastic upper mantle to the surface
of the earth, forming as a result of Rayleigh instability "jets" (plumes) isolated from each other. They feed
individual volcanoes or volcanic centers (Ramberg, 1967). With a decrease in lithostatic pressure due to a
decrease in depth, the proportion of the melt increases and its portions are merged into larger ones. At the
same time, the effective viscosity of the enclosing medium is significantly increased, and the mechanism of
magma propagation changes radically. In the elastic-brittle lithosphere, magma portions form floating
cracks filled with it, which, in the presence of stretching conditions in the lithosphere, move to the surface of
the earth. As a result, vertical permeable and heated zones (feeding channels) are formed there, where the
strength of the rocks to break is significantly reduced. There multiple associations of floating cracks in
larger ones take place (Takada, 1994). As a result, large dikes can be formed, feeding magmatic chambers
and eruptions with volumes up to several tens of km®.

During the rise of magma, a significant part of it is introduced into the earth's crust or volcano's body,
not reaching the surface of the earth. Nevertheless, we believe that the distribution of eruptions of a volcano
by their size reflects the distribution of masses of portions of magma rising in the lithosphere. Consequently,
it contains information about the processes of generation and aggregation of magma. The study by above
mentioned method is important, since volcanic earthquakes can trace the movement of magma only in the
highest echelons of the earth's crust. In the Kamchatka subduction zone under volcanoes, at depths from
100-150 km to 20-25 km, earthquakes occur relatively rarely (Gusev, Shumilina, 1975). Knowing these
distributions is also necessary for long-term forecasting purposes. The study of the distribution of eruptions
by their magnitude for the whole world was carried out by T. Simkin, L. Siebert and others, and on
Kamchatka, P.l. Tokarev and A.A. Gusev, I.V. Melekestsev with colleagues.

The distributions of eruptions in size for the volcanoes Klyuchevskoy and Karymsky

For these volcanoes, we studied not only eruptions, but also weaker activations. The size of the
activations was characterized by their duration. It was believed that activation would take place if the
seismological parameters on the volcano exceeded certain threshold values. We used two daily parameters:
a) the duration of volcanic tremor (Kluchevskoy) and b) the number of explosive volcanic earthquakes
(Karymsky). The analysis was conducted at 15 -year time intervals and included more than 130 activations.
The longest activations included eruptions.

In Fig. 1 to the left, the behavior of volcanic tremor parameters on Klyuchevskoy volcano is shown
from 1994 to 1995. In the figure to the right, the distribution of the duration of tremor episodes over a 15-
year time interval is shown. It follows from the figure that the duration of the activations is distributed
according to the power law with the tangent of the slope of the repeatability curve y = 0.53 N 0.12 (95%).
For the Karymsky volcano an analogous distribution with y = 0.60 N 0.13 (95%) was obtained. Since the
value of the parameter R? = 0.96-0.97 is close to 1 that indicates that for both distributions the power law is
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Fig. 1. Klyuchevskoy volcano. Left: The daily average values of the ratio of amplitudes to the periods (A/T)av., dotted curve 1) and
daily duration of volcanic tremor (DT, solid curve 2). Right: Distribution of the duration of tremor episodes in 1994- June 20009.
Activation was considered if DTy, > 2 hours per day.
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the best approximation. The power distribution is a paradoxical distribution, since for it the statistical
expectation and variance diverge, which implies an infinite energy of the process (Newman, 2005).
Therefore, it is important to explain the physical mechanisms that generate such distributions.

Possible mechanisms of generation and aggregation of magma in the subduction zone of Kamchatka

As one of the applicants, we consider the mechanism of aggregation of magma by merging small
floating cracks filled with magma and rising in the lithosphere of the Earth into larger ones, which was
investigated experimentally in work (Takada, 1994).
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Fig. 2. Simplified schematic image
of the absorption process by large
floating cracks filled with magma,

smaller cracks in the vertical pipe-

like region of the lithosphere
(magmatic channel). In this area,
the strength of the rocks has been
significantly reduced. Pictured in
the plane of the cracks. H — depth,
t — conditional time, pm u Prock-
density of magma and rocks,
respectively, g- acceleration of
gravity.

Hy<Hi, pm < Prock,s 1<t < ta.

Since the rate of rise (V) of a
floating crack depends on its
height (h) in a very strong (fourth)
degree (Takada, 1994, formula

(19)

V ~ h*, (1)
larger floating cracks rise faster,
absorbing smaller overlying
cracks (Fig.2). Unlike A.Takada,
we believe that the floating cracks
not only enlarge, but there is an
avalanche-like nature of their
aggregation. This may drastically
change the law of their
distribution in size from the initial
exponential or normal to the

This conceptual model allows us to explain the existence of the pause that occurs after the termination
of an eruption. This is due to the emptying of the magmatic channel from magma over its considerable
length as a result of the absorption of a whole echelon of smaller and higher floating cracks by of some
larger floating fissure (Gap in Fig.2). It also follows from this model that the magnitude and time of the
beginning of the future eruption have a random character, which makes it difficult to predict them.

As the second applicant for explaining the power distribution of activations (eruptions) on the volcano,
we consider the model of magma generation as a result of the movement of the oceanic lithosphere during
the interplate earthquake in the subduction zone of Kamchatka. Note that the graph of the repeatability of the
moment magnitude (M,,) for Kamchatka earthquakes for Mw = 6 - 8 has a tangent of the slope angle y & 0.9
(Gusev, Shumilina, 2004, Fig. 2). Taking into account the recalculation (Mw) in the decimal logarithm of the
seismic moment (M) according to the formula from the work (Hanks, Kanamori, 1979)

LgM, = (3/2) Mw + 9.1,
it turns out that My is distributed according to the power law with index of exponent (T y) & 1 0.6. This is
very close to the values of the parameter y for the duration of activations for Klyuchevskoy and Karymsky
volcanoes, equal to 0.53 and 0.6, respectively. It is believed that strong earthquakes and volcanism are
generated by a single process - the subduction of the Pacific lithosphere under the continental Kamchatka.
Does this mean that the volume of magma generated depends on the size of the movement occurring during a
strong inter-plate earthquake or is it a coincidence?

Analysis of the distribution of ejected tephra for volcanoes of the world and Kamchatka and forecast

estimates

2)

For the eruptions of the world and the whole of Kamchatka, we studied the distributions of ejected
tephra (1), calculated from the explosive volcanic index VEI (Newhall, Self, 1982) according to formula

Vi (km®) =10 VE'~ %3 (for VEI>2),

3)

which was deduced by us from the data of Table 6 of this article. The values of VEI were analyzed from
1800 to 2016, which were taken from the database of the Smithsonian Institution (Global VVolcanism

Program).

The distributions of VEI and the corresponding volume of igneous tephra (V+) for the eruptions of the
world and Kamchatka from the beginning of the 19th century to 2016 are given in Fig. 3. They are
approximated by a linear dependence of the form

LgN =LgN, -y VEI = LgNo - y (LgV+ + 4.3)

(4)
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100000 Hence the dependence of the number of eruptions N can
_ L s Lg N =LgN,-yVEL be written in the form of the following power function of
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Wi, S S b From the data of Fig.3 and the expression (5), the
following conclusions can be drawn:
Fig 3. Top graphs: The distributions of VEI and the 1) The frequency of occurrence of volcanic
corresponding volumes of tephra (Vr, km) ejected during o ntjnns jn Kamchatka in the range VEI = 2 - 5 is about
volcanic eruptions of the world (solid line) and Kamchatka S . .
(dashed line) in IXX - the beginning of the XXI century. 10% of the global, which is quite a lot, since the length
The numbers above the dots indicate the number of of the volcanic arc of Kamchatka is only about 2% of the
eruptions in the sample for each VEI. The lower sum of the lengths of all the volcanic arcs on Earth.
e e ot e Wt Pesumably, s rao will b vl or VEL =6 -7
1000 years. 2) The distribution of the ejected tephra (V+) for

the eruptions of the volcanoes of the world and
Kamchatka obeys the fractal power law of distribution with close tangents of the slope angle y = 0.7-0.75
(Figure 3, upper graph). The data for Kamchatka have a much wider dispersion than the global data. Since y
<1, the fraction of strong and very dangerous eruptions is significant. Therefore, they should be attributed not
to natural disasters, but to catastrophes.
Forecast estimates for Kamchatka are given in the following table.

Table
The most probable intervals between eruptions and the volumes of ejected tephra for future in Kamchatka
VEI The average interval between eruptions Volume of igneous tephra for 1000 years
5 90 years 60 km®
6 350 years (extrapolation) 120 km® (extrapolation)
7 1400 years (extrapolation) 240 km® (extrapolation)
References

Global Volcanism Program (http://volcano.si.edu/search_eruption_results.cfm).

Gusev A.A., L.S. Shumilina. Geometry of the seismically active volume of the crust and upper mantle of the
Kamchatka and the Commander Islands. Issledovaniya po fizike zemletryasenii (Studies in earthquake
physics). Moscow: ¢Naukae, 1976, Pp. 194-200.

Newhall C.A., Self S. The volcanic explosivity index (VEI): an estimate of the explosive magnitude for
historical volcanism // Journal of Geophys. Res. 1982. V. 87. Issue C2. Pp. 12318 1238.

Newman M. E. J. Power laws, Pareto distributions and Zipfos law.Contemporary Physics, SeptemberT
October 2005. Vol. 46, No. 5, PP. 323 T 351.

Hanks T. C., Kanamori H. A moment magnitude scale. Journal of Geophys. Res., 1979. Vol. 84, Issue 5,
2348 - 2350, 9B0059.

Ramberg H. (1967) Model experimentation of the effect of gravity on tectonic processes. Geophysical
Journal of the Royal Astronomical Society 14: 30771329.

Takada A. Accumulation of magma in space and time by crack interaction // Magmatic systems. Ed. M. P.
Ryan. Academic press. 1994. P. 241-257.

Institute of Volcanology and Seismology FEB RAS, Petropavlovsk-Kamchatsky, Russia, 20th-26th August, 2018
93





