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Abstract⎯Numerous summit and parasitic eruptions of moderate potassium magnesian and high-alumina
basalts and basaltic andesites, their mineralogic and geochemical features, and the composition of in situ
chilled melt inclusions in the olivine of cinder lapilli discharged by Klyuchevskoi Volcano all provide evidence
of the presence of magma chambers beneath the volcano. This is also supported by a dualism in the variation
of CaO and Al2O3 concentrations in olivine and clinopyroxene during crystallization. The mineralogic fea-
tures in the high-alumina basalts that were discharged by all parasitic eruptions of Klyuchevskoi provide evi-
dence of magnesian magma being emplaced from a deeper chamber into a shallow high-alumina chamber.
The distribution of incoherent elements in the volcano’s magnesian and aluminiferous rocks shows that they
came from a single mantle source. The geochemical and mineralogic data are in good agreement with the
results of geophysical surveys that concern the structure and properties of the lithosphere beneath Kly-
uchevskoi.
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INTRODUCTION
The study of magma chambers beneath Kly-

uchevskoi is an urgent task in volcanology; it is inti-
mately related to the genesis of volcanic rocks, the pre-
diction of volcanic eruptions, and volcanic hazard.
A.A. Menyailov (1947) was the first investigator to
hypothesize the existence of a shallow stratified
magma chamber beneath Klyuchevskoi during his
study of the 1937–1938 Klyuchevskoi eruptions. This
was also pointed out by B.I. Piip later, based on his
study of Tertiary xenoliths in the lavas of parasitic
eruptions on the Klyuchevskoi northeastern slope. He
supposed that the magma chamber is no deeper than
5–6 km below sea level (Piip, 1956). Our inferences
and the results of other researchers on possible magma
chambers beneath Klyuchevskoi Volcano are based on
a detailed study of the petrography, mineralogy, and
geochemistry of its magnesian and high-alumina (alu-
miniferous) basalts and basaltic andesites discharged
by most pre-historic, historic, and recent eruptions
(Table 1).

Geophysical surveys of the lithosphere beneath
Klyuchevskoi are no less important for understanding
the plausible existence of magma chambers beneath
Klyuchevskoi and their spatial locations. Extensive
surveys have been carried out using the methods of
seismology, geoelectricity, and gravimetry (Anosov

et al., 1978; Zubin et al., 1990; Balesta et al., 1991;
Gontovaya et al., 2004; Moroz, 1991; Moroz and
Moroz, 2006; Fedotov et al., 2010, 2011, 2014; Koula-
kov et al., 2016; Ivanov et al., 2016). In recent years,
seismic tomography began to be extensively used,
probing the crust beneath Klyuchevskoi by seismic
rays due to volcano-tectonic (VT) earthquakes. The
use of this method is advantageous in that one can
compare deep crustal models with other volcanoes
worldwide and reveal some general features in their
magmatic plumbing systems. It is important to com-
pare the data derived by seismic tomography with
those obtainable by the electromagnetic method, as
the latter is the more sensitive to the presence of liquid
melts. This permits one a more reliable correlation
between zones of intensive seismic velocity anomalies
and the magma sources that feed the volcano. Most
researchers agree in recognizing an estimate of the
depth of a primary magma source in the upper mantle
and a magma chamber in the lower crust beneath Kly-
uchevskoi, while the existence of a shallow magma
chamber beneath the volcanic cone is not unani-
mously accepted. The present paper argues for the
existence of intermediate magma chambers beneath
the Klyuchevskoi edifice by comparing the results of
petrologic studies in the ejecta of pre-historical sum-
mit and parasitic eruptions of 1994, 1938, 1966, and
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Table 1. The representative compositions of basalts and basaltic andesites discharged by the Klyuchevskoi parasitic and
summit eruptions

(1) magnesian basalt from a volcanic bomb ejected by the prehistorical nameless eruption; (2) magnesian basaltic andesite sampled
from the Tiranus lava f low; (3) aluminiferous basaltic andesite sampled from the lava f low discharged by the 1994 summit eruption; (4)
aluminiferous basaltic andesite sampled from the 1996 lava f low; (5) aluminiferous basaltic andesite sampled from the 1945 lava f low;
(6) aluminiferous basaltic andesite sampled from the Nevidimka lava f low. The compositions of the oxides are in wt %, those of acces-
sory elements are in g/t.

No./Oxides, 
elements 1 2 3 4 5 6

SiO2 51.98 53.42 53.68 54.11 54.15 53.80
TiO2 0.78 0.89 1.04 1.11 1.03 1.04
Al2O3 13.64 15.55 18.83 18.57 16.94 17.92
FeO 8.47 8.04 8.18 8.23 8.32 8.45
MnO 0.17 0.18 0.15 0.14 0.15 0.17
MgO 11.00 7.71 4.86 4.72 5.98 4.86
CaO 10.04 9.57 8.45 8.36 8.46 8.36
Na2O 2.29 2.85 3.70 3.50 3.18 3.24
K2O 0.59 0.89 1.09 1.08 1.06 1.12
P2O5 0.16 0.19 0.21 0.22 0.21 0.23
Total 99.13 99.30 100.19 100.05 99.48 99.18
Rb 9 13 16 16 16 17
Ba 227 317 395 414 390 410
Th 0.5 0.7 0.7 0.8 0.7 0.8
U 0.3 0.3 0.5 0.5 0.4 0.4
Nb 1.3 1.6 2.0 2.1 2.0 2.0
Ta 0.09 0.12 0.13 0.14 0.13 0.14
К 4898 7388 9049 8966 8800 9298
La 4 6 7 7 7 7
Ce 11 14 16 17 16 18
Pb 1.9 2.2 5.5 2.9 1.7 2.6
Pr 1.7 2.2 2.5 2.6 2.5 2.6
Nd 9 11 13 13 13 14
Sr 239 318 373 373 343 369
Sm 2.7 3.0 3.41 3.7 3.5 3.7
Zr 69 78 86 92 98 94
Hf 1.8 1.9 2.2 2.4 2.3 2.2
Eu 0.9 1.0 1.2 1.3 1.1 1.2
Ti 4655 5179 6092 6640 6123 6280
Gd 2.9 3.2 3.7 4.1 3.7 3.7
Tb 0.5 0.5 0.6 0.6 0.61 0.6
Dy 3.4 3.6 4.3 4.6 4.0 4.0
Ho 0.7 0.7 0.9 0.9 0.8 0.8
Y 18 19 21 22 21 20
Er 2 2 2 2 2 2
Tm 0.3 0.3 0.3 0.3 0.3 0.3
Yb 2.0 2.2 2.3 2.5 2.3 2.2
Lu 0.30 0.32 0.34 0.37 0.35 0.35
Ni 184 79 29 27 56 27
Cu 71 70 94 98 70 87
Zn 79 71 182 100 71 85
Sc 42 36 27 29 31 30
Zr 69 78 86 92 98 94
Co 43 33 31 32 30 28
Li 7 10 14 14 12 12
W 0.07 0.08 0.16 0.14 0.10 0.12
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1945 with the seismic-density model of the upper
crust beneath the volcano.

MATERIALS AND METHODS

The Technique of Sampling and Preparing Minerals and 
Rocks before the Study of Their Chemical Compositions

Crushed rocks were processed to separate mixed
fractions of olivine and clinopyroxene 0.25–0.5 mm
and 0.5–1 mm across using an apparatus for separa-
tion of minerals with different densities. The mixed
mineral fractions were separated into monofractions
using a microscope. The resulting minerals were
placed in a “compound” made of epoxy resin and
diethyl phthalate. Upon solidifying, the resulting
specimens were polished before being examined using
X-ray spectral microanalyzers.

The samples were prepared for subsequent analysis
of major elements and accessory elements in the rocks
as follows. The rocks were crushed to obtain a powder
and were baked to form glass using an iridium heater.

The Method Used to Determine Major and Accessory 
Elements in Minerals

The analytical procedures for volcanic ejecta were
performed at the Max Planck Institute for Chemistry,
Mainz, Germany within the Paul Wolfgang grant for
A.V. Sobolev. Essential and accessory elements in
olivine, clinopyroxene, and in situ chilled glass of melt
inclusions (Table 2) were determined using a Jeol JXA
8200 SuperProbe microanalyzer at the Max Planck
Institute for Chemistry (Mainz, Germany). Pyroxene
was analyzed using an accelerating voltage of 20 kV
and a probe current of 20 nA with the USNM164905
in situ occurring augite reference sample (Jarosevish
et al., 1980). The relative error was below 1‒2 rel. %.
Olivine was analyzed using a special technique with
accuracy reaching 20–30 g/t (two standard errors) for
Ni, Ca, Mn, Al, Ti, Cr, and Co and 0.02 mol % for
Mg, Fe, and Si, with an accelerating voltage of 20 kV
and a probe current of 300 nA (Sobolev et al., 2007).

Accessory elements in the glasses (after being
baked in an iridium heater) were analyzed using an
ELEMENT-2 mass spectrometer manufactured by
Thermo Scientific, England with ionization in induc-
tively coupled plasma and laser sampling at the Max
Planck Institute for Chemistry (Mainz, Germany).
The error in the concentration, as estimated from ref-
erence sample reproduction, did not exceed 5 rel. %
(two standard errors) for concentrations over 1 g/t and
10 rel. % for concentrations of approximately 0.1 g/t.
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THE SAMPLES

The Geological Setting
and a Brief Description of the Samples

We studied the compositions of aluminiferous
basaltic andesites in cinder lapilli, of lava f lows dis-
charged during the Strombolian phase and of frag-
ments of magnesian basalts sampled from the pyro-
clastic f lows that were produced during the sub-Plin-
ian phases of the 1994 Klyuchevskoi summit eruption.
In addition, we studied the compositions of magne-
sian and aluminiferous rocks and minerals due to par-
asitic pre-historical eruptions, the 1938 eruptions
(Bilyukai, Tiranus, and Nevidimka), and the 1966 and
1945 eruptions bearing the names of B.I. Piip and
A.N. Zavaritsky, respectively; high-magnesium
basalts from the nameless pre-historical parasitic vent
(clinopyroxene and olivine rocks); magnesian and
aluminiferous basaltic andesites discharged by the
Bilyukai, Tiranus, and Nevidimka vents (plagioclase,
olivine, and clinopyroxenic rocks, see Khubunaya et
al., 1993); aluminiferous basaltic andesites that were
discharged by the 1994 summit eruption and by the
1945 and 1966 parasitic eruptions (olivine, clinopy-
roxenic, and plagioclase rocks, see Ozerov and Khu-
bunaya, 1992; Khubunaya et al., 2008). The 1994
summit eruption of Klyuchevskoi, the phases of this
eruption, and its variation over time, are all described
by Ozerov et al. (1996). For the ejecta of the 1994 Kly-
uchevskoi eruption consult (Khubunaya et al., 2008).

RESULTS AND DISCUSSION

All ejecta of the Klyuchevskoi eruptions consist of
magnesian and aluminiferous basalts and basaltic
andesites. The petrographic features and chemistry of
the ejecta discharged by parasitic eruptions were
described in detail in (Mironov et al., 2001; Ozerov
and Khubunaya, 1992; Khubunaya et al., 1993, 2007).
These works were the first to show that all magnesian
and aluminiferous basalts and basaltic andesites
involve “disequilibrium”1 associations of olivines and
clinopyroxenes. These could not have been derived
from melts that are in agreement with the chemical
compositions of the rocks studied here. Recently, new
evidence was acquired relating to the geochemistry of
Ca and Al in the olivines and clinopyroxenes dis-
charged by summit and parasitic pre-historical erup-
tions of Klyuchevskoi, as well as those in 1938, 1945,
and 1966.

1 The method employed to find equilibrium compositions of oliv-
ine and clinopyroxene at the liquidus of the magma melt was
described by Khubunaya et al. (1993).
ol. 12  No. 2  2018
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Table 2. Representative analyses of in situ chilled melt inclusions and olivines (the host mineral) in cinder lapilli discharged
during the Strombolian phase of the 1994 Klyuchevskoi summit eruption (wt %)

Fo = Mg × 100/Fe2++Mg (mol %). The compositions of inclusions are converted to 100% and are shown at the top of the columns.

Nos./Oxides, 
elements B1-51a B1-33a B1-37a B1-36a B1-27a B1-42a B1-3a B1-48a B1-31a B1-16a B1-60a B1-9b

SiO2 51.31 51.63 53.31 54.49 54.55 55.17 55.56 56.38 56.36 57.27 58.11 58.33
TiO2 1.18 1.17 1.17 1.30 1.36 1.37 1.43 1.41 1.47 1.55 1.50 1.74
Al2O3 18.89 19.13 17.14 16.41 16.95 15.75 16.71 16.38 16.83 15.06 15.28 14.73
FeO 10.09 9.78 9.94 10.39 10.00 10.47 9.68 9.84 9.87 11.31 9.73 10.22
MnO 0.14 0.14 0.19 0.23 0.19 0.19 0.18 0.20 0.22 0.23 0.17 0.21
MgO 4.67 4.69 3.83 4.26 3.98 3.71 3.99 3.08 2.80 2.66 3.09 3.01
CaO 8.94 8.91 10.06 7.90 7.76 8.32 7.90 8.14 7.99 7.14 7.21 6.84
Na2O 3.39 3.18 3.04 3.48 3.63 3.46 3.00 3.00 2.90 3.08 3.01 2.97
K2O 0.99 0.97 0.93 1.18 1.25 1.21 1.20 1.23 1.19 1.33 1.51 1.53
P2O5 0.19 0.20 0.19 0.24 0.22 0.24 0.23 0.23 0.25 0.26 0.30 0.33
S 0.12 0.13 0.11 0.05 0.04 0.05 0.06 0.05 0.03 0.04 0.03 0.01
Cl 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08
SiO2 38.39 38.32 39.26 37.38 37.61 38.59 38.61 39.03 38.73 38.11 38.09 37.83
TiO2 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.02
Al2O3 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02
FeO 20.14 20.21 20.45 24.50 24.00 21.01 21.00 20.73 23.08 26.31 24.11 25.43
MnO 0.32 0.32 0.33 0.47 0.46 0.35 0.34 0.34 0.43 0.52 0.46 0.50
MgO 40.63 40.82 41.60 36.96 37.24 40.22 40.52 41.15 39.19 36.42 38.09 36.67
CaO 0.13 0.13 0.13 0.23 0.18 0.15 0.14 0.13 0.21 0.22 0.21 0.21
NiO 0.11 0.09 0.11 0.04 0.04 0.08 0.07 0.10 0.04 0.04 0.04 0.04
CoO 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Total 99.80 99.95 101.94 99.66 99.61 100.47 100.74 101.54 101.75 101.68 101.07 100.74
Fo 78 78 78 73 73 77 77 78 75 71 74 72
The Crystallization of Olivine in Aluminiferous Basaltic-
andesite Melts Discharged by the 1994 Summit Eruption 

and by the 1938 and 1966 Parasitic Eruptions

Phenocrysts of olivine and clinopyroxene were
sampled from cinder lapilli, lava f lows and lava frag-
ments discharged by the Strombolian and sub-Plinian
phases of that eruption. We investigated in situ chilled
melt microinclusions that were sampled from the oliv-
ines of basaltic-andesite cinder lapilli. These are
unique. The melt inclusions do not contain crystalline
phases (mineral captives) and shrinkage bubbles (Fig. 1).
The composition of an in situ chilled melt inclusion is
a signature of the composition of the magma melt that
gave rise to the olivine (host mineral). We have studied
470 olivine crystals with 40 in situ chilled glasses in
melt inclusions. The chemical composition of the
ejecta of the 1994 summit eruption is differentiated.
The cinder lapilli and the lavas discharged during the
Strombolian eruption phase are consistent with the
compositions of moderate potassium high-alumina
basaltic andesites (see Table 1). The lava fragments
JOURNAL OF VOLCAN
from the pyroclastic f lows discharged during the sub-
Plinian phase of the 1994 eruption have compositions
of moderate potassium aluminiferous and magnesian
basalts and basaltic andesites. The presence of two
types of lava in the ejecta of an eruption can be inter-
preted as evidence pointing to a stratified magma
chamber. The stratification is directly supported by
the compositions of chilled glasses in melt inclusions
sampled in the olivine of the cinder lapilli. The melt
inclusions show differentiated compositions, ranging
from high-alumina basalts to andesites (see Table 2).
The geochemical bonds that have been operative in
the production of basaltic andesites and andesites are
obvious. The decrease in CaO and Al2O3 with increas-
ing SiO2 in the melt is due to crystallization of Pl and
Cpx. The olivines in the cinder lapilli were formed
from a series of melts having basaltic, basaltic andes-
ite, and andesite compositions (Fig. 2). This cannot
occur unless there is a magma chamber where the melt
could reside under equilibrium conditions. The fact
that the chamber is shallow is supported because S and
OLOGY AND SEISMOLOGY  Vol. 12  No. 2  2018
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Fig. 1. A microphotograph of in situ chilled glasses in melt inclusions found in the olivine of the cinder lapilli discharged during
the 1994 summit eruption of Klyuchevskoi. (a) olivine (host mineral) with in situ chilled melt inclusions; (b) an enlarged part of
olivine (host mineral): (A) glass of in situ chilled melt inclusions, (B) olivine (host mineral).

100 µm 30 µm(a) (b)
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Cl are intensively degassed (see Figs. 2b, 2d). The low-
est degassing of S and Cl compositions is observed in
basaltic melt inclusions, while the highest degassing
occurs in andesitic melt inclusions. This circumstance
may indicate the location of the andesitic melt in the
magma chamber, viz., in its upper, apical part. One
observes a quite paradoxical fact that consists in the
behavior of CaO in the olivine of aluminiferous melts
from which they crystallized in the hypothetical
magma chamber. As the magnesium number
decreases in the melt during olivine crystallization, the
concentration of CaO in the olivines that had crystal-
lized from basaltic, basaltic andesite, and andesitic
melts, increases (Fig. 3a), while the concentration of
CaO in melt inclusions rapidly decreases (see Fig. 3b).
The paradox of this situation consists in the fact that
plagioclase crystallizes at the liquidus of aluminiferous
melts of moderate potassium basaltic andesites as
deduced from petrographic analyses (Zavaritsky,
1931; Ozerov and Khubunaya, 1992; Khubunaya et
al., 2008). Further crystallization of olivines occurred
in the cotectic Mt–Ol–Cpx–Pl mode. The crystalli-
zation of Cpx and Pl reduced the concentration of
CaO in the residual melt of the magma chamber (see
Fig. 3b). At the same time, the concentration of CaO
in the olivines that had crystallized from the melt must
decrease as well, while the actual tendency is exactly
the opposite, namely, the concentration of CaO in
olivine increases as their magnesium number
decreases (see Fig. 3a). A similar increase in CaO con-
centration in olivine with the magnesium number
increasing has been observed for aluminiferous basal-
tic andesites found in the 1994 cinder lapilli and lava
flows (Fig. 4a). A similar variation in the concentra-
tion of CaO for some olivines combined with a
decreasing magnesium number during crystallization
is found in the basaltic andesites discharged by the
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
1938 and 1966 eruptions (see Figs. 4b, 4c). An expla-
nation of this effect can be found in several studies in
the solubility of CaO in olivine during crystallization
under a variety of physical and chemical conditions.
The increased concentration of CaO in Ol can be due
to a decrease in the crystallization pressure for Ol in
the presence of H2O. Stormer (1973) noted that an
increasing concentration of CaO in olivine combined
with a concomitant decrease in the crystallization
temperature in the residual melt indicates that the
melt was formed under decreasing pressure, i.e., as the
magma was rising. Subsequent experiments in the
presence of water revealed a significant effect exerted
by the concentration of water in the melt on the distri-
bution of Ca (Feig et al., 2006). Gavrilenko et al.
(2016) analyzed experimental and field data and pro-
posed some analytical relationships for estimating the
effect of water on the partitioning coefficient of cal-
cium between olivine and melt. These results showed
that increasing the concentration of water in a melt
reduces the concentration of Ca in olivine. From this
it follows that the effect of pressure on the distribution
of Ca is to reduc the concentration of H2O during
degassing of the magma as it is rising from the magma
chamber. High concentrations of water (up to 2.9 wt
%) in the parent magmas of Klyuchevskoi Volcano
were first detected by Khubunaya and Sobolev (1998)
and Sobolev and Chaussidon (1996), among others. It
should be noted that the fragments of magnesian
basalt in the pyroclastic f low due to the 1994 sub-Plin-
ian summit eruption took no part in partitioning the
aluminiferous melts, being probably torn from the
bottom or walls of the hypothetical magma chamber.

One finds two sets of olivines in the same sample
taken from the aluminiferous basaltic andesites dis-
charged by the 1938 and 1966 parasitic eruptions (see
Figs. 4b, 4c). In one of these sets the concentration of
ol. 12  No. 2  2018
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Fig. 2. The compositions of in situ chilled glasses in melt inclusions sampled from olivine (host mineral) phenocrysts of the cinder
lapilli discharged during the 1994 summit eruption of Klyuchevskoi.(1) basalts; (2) basaltic andesites; (3) andesites. R2 is a mea-
sure of the fit significance. The arrow indicates the direction of change in glass compositions of in situ chilled melt inclusions.

6058565452
12

50

N = 40

SiO2, wt % SiO2, wt %

A
l 2

O
3,

 w
t %

C
aO

, w
t %

C
l, 

w
t %

S,
 w

t %16

18

14

20

6058565452
0
50

0.08

0.12

0.04

0.16

6058565452
0.04

50

0.08

0.06

0.10

6058565452
6
50

10

8

12 (a) (b)

(c)

1

(d)

R2 = 0.836

R2 = 0.812 R2 = 0.2187

R2 = 0.603

2

3

CaO in olivine increases as the olivine magnesium
number of the decreases from Fo80 to Fo70. The ten-
dency of increasing concentrations of CaO in the oliv-
ines of basaltic andesites during crystallization is the
same as that observed in the olivines of aluminiferous
basaltic andesites due to the 1994 summit eruption
(see Fig. 4a). In addition, the 1945 and 1966 lavas have
compositions like those of high-alumina basaltic
andesites (see Table 1). This set of olivines obviously
crystallized from a high-alumina magma. The con-
centration of CaO in olivines in the other, larger set of
Fo90–80 olivines from the same sample slowly
decreases as their magnesium number decreases (see
Figs. 4b, 4c). This behavior of CaO during the crystal-
lization of olivine is observed in the magnesian basalts
that were discharged by the nameless prehistorical
eruption and in fragments of the pyroclastic f lows dis-
charged by the 1994 summit eruption (see Figs. 4a, 4d).
Although these high-magnesium olivines (Fo90–80) are
present in samples of high-alumina basaltic andesites,
they were formed from a magnesian magma. The
amount of olivine crystals from an aluminiferous
magma is significantly below that of olivines that were
formed from magnesian melts (see Figs. 4b, 4c). This
is due to the sampling procedure. The samples from
the 1938 and 1966 basaltic andesites were taken at the
sources of the lava f lows where high-magnesium “dis-
equilibrium” olivines and clinopyroxenes predomi-
nate over the amount of “equilibrium” minerals.
JOURNAL OF VOLCAN
Olivine Crystallization in the Magnesian Moderate 
Potassium Basalts Discharged by the Parasitic

Eruptions of Klyuchevskoi

The crystallization of basalts produced by the high-
est-magnesium “nameless” vent resulted in Fo93 oliv-
ine (see Fig. 4d). The concentration of CaO in olivines
increases by 300%, as the magma was rising in the
deeper magma chamber, while their magnesium num-
ber remains nearly constant. It was only when high-
magnesium clinopyroxene appeared that the magne-
sium number of olivine decreased from Fo90 to Fo80.
The Fo93–92 olivine was ascending from the primary
picrite magma at the lowest temperature (1280°С), a
pressure of about 18 kbars, and in the presence of H2O
(approximately 2.9%) in the deeper magnesian cham-
ber (Khubunaya and Sobolev, 1998; Khubunaya et al.,
2007, among others). The olivines showed nearly no
change in their magnesium number with a simultane-
ous increase in CaO, providing evidence of the fact
that the olivines in the deeper chamber crystallized
without clinopyroxene at the liquidus. Otherwise, the
variation in the magnesium number of olivines would
have been far from vertical (see Fig. 4d). If olivines and
clinopyroxenes had crystallized together at a decreas-
ing pressure, one would have observed the magnesium
number of the olivines vary, dipping toward CaO, as is
the case during cotectic crystallization of olivines and
clinopyroxenes in aluminiferous melts at a decreasing
pressure (see Figs. 4a, 4b, 4c). It was only when the
concentration of CaO in olivines reached 0.15 (wt %)
that the olivines and clinopyroxenes began to undergo
OLOGY AND SEISMOLOGY  Vol. 12  No. 2  2018
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Fig. 3. The concentrations of CaO in olivine (host mineral)
and in the in situ chilled glasses of melt inclusions found in
cinder lapilli discharged by the 1994 Klyuchevskoi erup-
tion. (a) olivine (host mineral); (b) in situ chilled glasses of
melt inclusions. The arrow indicates the direction of
change for the compositions of olivine and glass in the in
situ chilled melt inclusions. For the legend see Fig. 2.
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cotectic crystallization, which lasted an indefinite
time with a concomitant considerable decrease in the
olivine magnesium number, from Fo90 to Fo80 (see
Fig. 4d). This tendency to a slow decrease in the con-
centrations of CaO in olivines accompanied by a con-
siderable decrease of their magnesium number from
Fo90 to Fo80 is found in magnesian basalts sampled
from fragments in the 1994 pyroclastic flow (see Fig. 4a).
A similar slight decrease in CaO during olivine crystal-
lization is found for some olivines discharged by the
1938 and 1966 parasitic eruptions (see Figs. 4b, 4c).
According to a numerical simulation using the
PETROLOG program for an olivine–melt system and
petrographic analysis, such olivines also crystallized
from magnesian melts in the cotectic Sp–Ol–px
mode (Khubunaya et al., 1993, 2008). The consider-
able (up to 300%) increase in the concentration of
CaO in the olivines of the highest-magnesium “name-
less” f low was related to the magma ascending during
its crystallization in the deeper magma chamber (see
Table 1). An inconsiderable decrease in CaO in oliv-
ines with a large simultaneous decrease in magnesium
number may indicate a crystallization that was due to
decreasing temperature at a stable pressure. As men-
tioned above, the concentration of CaO in olivines
slightly decreases during the cooling of the melt at a
constant pressure. As magma rises during crystalliza-
tion and H2O is degassed the concentration of CaO in
olivines increases.

The presence of two sets of olivines with opposite
behaviors of CaO during crystallization is found in the
ejecta of all parasitic aluminiferous eruptions of Kly-
uchevskoi (Ozerov and Khubunaya, 1992; Khubunaya
et al., 2008). The most plausible explanation of this
phenomenon is that the crystallization occurred under
different physico-chemical conditions, hence in dif-
ferent magma chambers. The Fo90–80 olivines crystal-
lized at a decreasing temperature and a stable pressure
from a magnesian magma in the deeper chamber in
the cotectic Sp–Cpx–Ol mode (Khubunaya et al.,
1993, 2007). The other set of olivines (with Fo80–70)
crystallized in a shallow aluminiferous stratified
chamber in the cotectic Mt–Ol–Cpx–Pl mode. The
presence of the two sets of olivines in a single sample
and in the same lava f low of aluminiferous basaltic
andesites with different geochemical behaviors of CaO
during the crystallization is due to the emplacement of
magnesian magmas into the shallow magma chamber.
The emplacement and the subsequent mixing of mag-
nesian and aluminiferous magmas could have been
occurring during the eruption itself.

The Crystallization of Clinopyroxenes
from Different Magma Chambers

The olivines crystallized from different magma
chambers, as can be inferred from different variations
in the concentration of Al2O3 in clinopyroxenes during
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
crystallization. Two sets of clinopyroxenes are found
in the 1945, 1953, 1966, and 1938 parasitic eruptions
of aluminiferous basaltic andesites (Fig. 5). The con-
centration of Al2O3 constantly increases (up to 6–7%)
in the one set of clinopyroxenes, as their magnesium
number decreases from Mg#90 to Mg#80‒75 during
crystallization, while in the other set of clinopy-
roxenes, in the same lava f low and in the same sample,
the concentration of Al2O3 rapidly decreases to reach
1–2% after Mg#80‒75 (see Fig. 5). The continuous
trend of clinopyroxenes being enriched in Al2O3 cou-
pled with their magnesium number decreasing from
Mg#90 to Mg#80‒75 was due to the crystallization of
Cpx and Ol in the cotectic Sp–Cpx–Ol mode in the
deeper magnesian chamber beneath Klyuchevskoi.
These clinopyroxenes were emplaced into the shallow
aluminiferous chamber beneath the volcano along
with the magnesium-rich melt and the Fo90-80 olivines
described above. The clinopyroxenes in which the
concentration of Al2O3 is decreasing together with a
decreasing magnesium number crystallized from an
aluminiferous magma following the cotectic Mt–Ol–
Cpx–Pl mode in the shallow chamber. The crystalli-
zation of plagioclase and of clinopyroxenes (this to a
lesser degree) led to depletion of the residual melt in
Al2O3. Clinopyroxenes with magnesium numbers
ol. 12  No. 2  2018
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Fig. 4. The compositions of olivine in moderate potassium high-alumina and magnesian basalts and basaltic andesites erupted by
Klyuchevskoi. (a) 1994 summit eruption: (1) olivine in aluminiferous basaltic andesites found in cinder lapilli, (2) olivines in
magnesian basalts sampled from fragments of the pyroclastic f low in the Apakhonchich chute; (b) olivine in magnesian basaltic
andesites discharged by the Bilyukai cone (the 1938 parasitic eruption): (1) olivine in hypothetical magnesian magmas, (2) olivine
in hypothetical aluminiferous magmas; (c) olivine in aluminiferous basaltic andesites sampled from the lava f low of the 1966 par-
asitic eruption: (1) olivine in hypothetical magnesian magmas, (2) olivine in hypothetical aluminiferous magmas; (d) olivine in
magnesian basalts discharged by the prehistorical nameless eruption: (1) olivine in magnesian magmas of the deeper chamber. N
denotes the number of olivine analyses; Mt, Sp, Ol, Cpx, and Pl stand for magnetite, spinel, olivine, clinopyroxene, and pla-
gioclase, respectively; R2 denotes a measure of the significance of the fit. The arrow indicates the direction of change for olivine
composition.
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below Mg#80‒75 crystallized from this residual melt.
This is corroborated by two sets of clinopyroxenes with
different concentrations of Al2O3, but with the same
magnesium number (see Fig. 5). They crystallized
from magnesian and aluminiferous magmas under dif-
ferent physico-chemical conditions and in different
magma chambers.

The most likely scenario for the Klyuchevskoi par-
asitic eruptions seems to be as follows. A magnesian
magma along with clinopyroxenes and Fo90–80 olivines
was emplaced from a deeper chamber (Gontovaya et
al., 2011; Khubunaya et al., 2007; Kulakov et al., 2016,
among others) and was discharged onto the ground
surface along with its material. For this reason the
ejecta of all parasitic moderate potassium aluminifer-
ous basaltic andesite eruptions contain “disequilib-
rium” high-magnesium clinopyroxenes and Fo90–88
olivines that are typical of mantle melts. That this
model is plausible is corroborated by observations of
enrichment in high-magnesium Ol and Cpx (up to 9%
of the rock volume) for the ultimate portions of f lows
JOURNAL OF VOLCAN
of moderate potassium aluminiferous basaltic andes-
ites discharged by the 1966 and 1945 eruptions
(Vazheevskaya, 1972; Piip, 1956). Plagioclase is also
involved in the gravitational partitioning of minerals in
the intermediate chamber beneath the volcano. The
lava f low of aluminiferous basaltic andesites dis-
charged by the 1966 eruption was found (at the start of
the eruption) to contain increased amounts of pla-
gioclase and it was only nearer the end of the eruption
that the lava was strongly enriched in high-magnesium
olivines and pyroxenes (Vazheevskaya, 1972). A sup-
port for the gravitational crystallization stratification
in the shallow magma chamber can be found in the
presence of numerous leucocratic and melanocratic
homogeneous inclusions in lava fragments that occur
in the pyroclastic f low of aluminiferous basaltic
andesites discharged by the 1994 eruption. The exis-
tence of a shallow magma chamber beneath the Kly-
uchevskoi volcanic edifice is also corroborated by
other parameters of the Klyuchevskoi eruptions,
namely, considerable volumes of volcanic ejecta from
the 1937–1938 eruption and the sequence of ejecta
OLOGY AND SEISMOLOGY  Vol. 12  No. 2  2018
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Fig. 5. The compositions of clinopyroxenes in basaltic andesites of lava f lows discharged by parasitic eruptions of Klyuchevskoi.
(a) Aluminiferous basaltic andesites in the Nevidimka lava f low; (b) aluminiferous basaltic andesites sampled from the Zavaritsky
lava f low; (c) magnesian basaltic andesites sampled from the Tiranus lava f low; (d) aluminiferous basaltic andesites sampled from
the Piip lava f low; (e) magnesian basaltic andesites discharged by the Bilyukai cone; (f) aluminiferous basaltic andesites sampled
from the Belyankin lava f low. (1) Clinopyroxenes from hypothetical high-alumina magmas; (2) clinopyroxenes from hypothetical
magnesian magmas; N denotes the number of analyses of clinopyroxene.
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from this eruption lasting as long as 2 years (Menyai-
lov, 1947). Magma rose from the stratified shallow
chamber along a dike that was striking northeast. The
upper part of this dike consisted of a “plume” of alu-
miniferous basaltic andesite magma, while the lower
part consisted of aluminiferous magmas that were
already saturated with high-magnesium crystals of
olivine and pyroxene resulting from the emplacement
of magnesian magma from a deeper chamber (see
Figs. 4b, 5a, 5c, 5e). The mineralogic features of the
aluminiferous basaltic andesites discharged by the
1945, 1966, and 1953 parasitic eruptions, as well as by
the 1938 eruption (Bilyukai, Tiranus, and Nevid-
imka), provide evidence of the mixing of moderate
potassium magnesian and aluminiferous magmas
coming from different magma chambers during para-
sitic Klyuchevskoi eruptions.
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
Changes in Olivine Compositions in Klyuchevskoi Melts 
Dependent on Temperature and Pressure

The present study is not concerned with the genesis
of the aluminiferous magmas. Nevertheless, the
results for the solubility of CaO in olivines during crys-
tallization in magnesian and aluminiferous magmas
throw some light on certain tenets in the hypothesis
relating to the genesis of aluminiferous magmas during
a decompression mode of crystallization (Ariskin et
al., 1995). Two circumstances serve as important sup-
plements to the above hypothesis. The crystallization
of magnesian magma starts as olivine is released in the
presence of spinel rather than as olivine and pyroxene
are released in the presence of spinel, as was previously
thought (Ariskin et al., 1995). The polybaric crystalli-
zation of olivines and pyroxenes stops for an indefinite
time. The crystallization was probably occurring in the
upper horizons of a deeper magma chamber under
ol. 12  No. 2  2018
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Fig. 6. The distribution of incoherent elements in moderate potassium magnesian and high-alumina basalts and basaltic andesites
discharged by Klyuchevskoi. (1) magnesian basalt sampled from a volcanic bomb ejected by the prehistorical nameless eruption;
(2) magnesian basaltic andesite discharged by the Bilyukai cone; (3) aluminiferous basaltic andesite sampled from cinder lapilli
discharged by the 1994 summit eruption; (4) aluminiferous basaltic andesite sampled from the 1994 lava f low; (5) aluminiferous
basaltic andesite sampled from the 1966 lava f low; (6) aluminiferous basaltic andesite sampled from the 1945 lava f low. The con-
centrations of accessory elements in rocks (g/t) have been normalized by the respective concentrations in the primitive mantle
after (Hoffman, 1988).
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quiet conditions accompanied by decreasing tempera-
ture, but without any pressure changes (see Fig. 4d).
Further decompressional crystallization of magnesian
magma occurred during its emplacement into a high-
alumina shallow chamber. The authors of the present
report have studied thousands of clinopyroxene and
olivine crystals in magnesian and aluminiferous
basalts and basaltic andesite by separating minerals
with different densities using bromoform. The result
was to find that orthopyroxene is encountered very
rarely among phenocrysts, below 1% (Khubunaya et
al., 1993, 2008). The highest concentration of SiO2 in
Opx did not exceed 54%. Ariskin et al. (1995) pointed
out that orthopyroxene does not exert any significant
effect on the lines of cotectic control.

The Geochemical Features of Moderate Potassium 
Magnesian and Aluminiferous Basalts and Basaltic 

Andesites Discharged by Klyuchevskoi

Although moderate potassium magnesian and alu-
miniferous magmas reside in different magma cham-
bers they come from the same mantle source (Khubu-
naya et al., 2016).

The Klyuchevskoi rocks that are compared using a
multicomponent diagram (a spider diagram) that
shows the distributions of incoherent elements show
similar configurations of all data points due to acces-
sory elements. They have deep minima in the spider
diagram for high-charge elements (Th, Nb, and Ti)
and maxima for large ion lithofile elements (Ba, K, Sr,
and Pb), as well as for U (Fig. 6). They exhibit the
most characteristic feature of all moderate potassium
island arc basalts and basaltic andesites. A well-pro-
nounced Sr maximum is found both for the highest-
JOURNAL OF VOLCAN
magnesium basalts discharged by the prehistorical
“nameless” vent and for the highest-alumina basaltic
andesites due to the 1994 eruption (see Fig. 6).

The petrologic arguments in favor of crustal
magma chambers beneath Klyuchevskoi are quite
consistent with data acquired through geophysical
methods (explosion and earthquake seismology, geo-
electricity, and gravity surveys). The focus in the pres-
ent paper is on seismology.

Deep seismic sounding and refraction surveys were
carried out to study the crust beneath the Kly-
uchevskoi Volcanic Cluster (KVC) in the 1970–1990s
(Anosov et al., 1978; Balesta et al., 1991). They were
concerned with the study of deep structure and with
identification of magma chambers as part of the
plumbing system in the area. This goal has only par-
tially been reached owing to the sparsity of the obser-
vational network and methodological difficulties in
the study of heterogeneous media. Nevertheless, data
have been acquired that bear on the major discontinu-
ities in the crust, their morphology, and velocity prop-
erties. According to the deep seismic sounding survey,
the crustal thickness beneath the volcanic cluster was
found to be at 30–40 km, while the Moho seemed to
be stratified. Unilateral seismic probing of the cluster
(from a single source) revealed an anomalous attenua-
tion of compressional (P) waves beneath Kly-
uchevskoi. The character of the phase structure was
sufficient to tentatively identify a magma chamber that
supplies Klyuchevskoi, approximately at the Moho
depth (Anosov et al., 1978). No evidence has been
obtained for any intermediate magma chambers in the
crust beneath the volcano. The observational system
was insufficient to study the problem. The 1990s saw
seismic observations (using P waves) along a refraction
OLOGY AND SEISMOLOGY  Vol. 12  No. 2  2018
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line that intersected the Klyuchevskoi volcanic cone
running SW—NE along a deep-seated fault near the
volcanic cluster (Balesta et al., 1991). It was found that
the crystalline basement under the cluster involves a
depression and that there is a contrasted asymmetry in
the upper crustal velocity structure. The uplifted
southwestern block has higher velocities and a homo-
geneous internal structure. The upper crust involves
lower velocities beneath the northeastern slope of the
volcano where most parasitic cones are situated. The
crust consists of layers with relatively higher and lower
compressional velocities. Compressional waves alone
cannot resolve the genesis of such a structure well. It
can be interpreted as interbeds of sedimentary-volca-
nogenic rocks overlain by a mass of cooled effusive
rocks that contain melt–fluid inclusions which form
the low velocity layers. However, the overall crustal
velocity structure beneath the volcanic cone suggests
that the higher velocity block beneath the southwest-
ern slope must be related to a hypothetical older
magma chamber beneath Kamen’ Volcano. The low-
velocity block, in the depressed part of the crystalline
basement, is thought to be related to the present-day
shallow magma chamber at a depth of approximately
5–6 km (Piip et al., 1991; Khubunaya et al., 2007). It
should be noted that the occurrence of shallow cham-
bers at depressions of the crystalline basement is char-
acteristic for many volcanoes worldwide, e.g., Etna,
Vesuvius, St. Helens, Rabaul, and many others.

Active tectono-magmatic processes are occurring
in the Klyuchevskoi area; these processes are accom-
panied by a high seismicity and well-pronounced pat-
terns in seismicity distribution in the crust beneath the
volcanoes. We will examine a 2-D distribution of the
b-value in the depth range 0–35 km beneath the vol-
canic cluster. The b-values (the slope of the fre-
quency–magnitude distribution of earthquakes) were
calculated from the catalog due to the Kamchatka
Branch of the Federal Research Center (FRC) of the
Unified Geophysical Survey (UGS) of the Russian
Academy of Sciences (RAS) for the 1999–2005
period. A total of 12500 М ≥ 1.6 events was used
(L.I. Gontovaya and N.A. Kozyreva, personal com-
munication). Anomalies of that parameter may indi-
cate zones of higher cracking and/or higher pore pres-
sure. They may also be related to magma chambers
(Wiemer and McNutt, 1997, among others). An inten-
sive b-value anomaly is found to reside beneath Kly-
uchevskoi Volcano in the depth range ~27–34 km,
gradually rising to reach 18–20 km (Fig. 7). This figure
shows the net effect due to seismicity, as well as the
shape and volumes of the host rocks that are involved
in failure and in the evolution of magma (Ermakov
et al., 2014). The distribution of the parameter thus
provides evidence in favor of a magma chamber in the
lower crust (or not deeper than the Moho) beneath
Klyuchevskoi Volcano.

The last decade saw wide use of seismic tomogra-
phy to study the 3-D crustal structure beneath the
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
KVC based on travel times of compressional (P) and
shear (S) waves excited by volcano-tectonic earth-
quakes at recording stations of the Kamchatka net-
work operated by the Kamchatka Branch of the FRC
GS RAS. The spatial distribution of seismic velocity
anomalies (Vp, Vs, and the Vp/Vs ratio) provides data
from which to draw our knowledge of deep crustal
structure and to identify anomalous zones that could
be related to magma chambers beneath the KVC.
These are thought to be responsible for intensive neg-
ative anomalies, in particular, in Vs, and higher values
of Vp/Vs. The intensity of such anomalies must obvi-
ously be largely dependent on the model that we
choose to employ to calculate velocity anomalies. Sev-
eral crustal velocity models are available for the KVC
area based on observations of VT earthquakes (Gonto-
vaya et al., 2004; Ermakov et al., 2014; Koulakov et al.,
2013; Ivanov et al., 2016, among others). The models
are generally similar among themselves, but also show
some differences. These differences are due to the
choice of the data set, changes in network configura-
tion, as improvements are introduced over time, to the
inversion algorithms, and several other factors. Here,
we are going to discuss a result acquired by a combined
effort on the part of the Institute of Volcanology and
Seismology (IV&S) of the Far East Branch (FEB)
RAS and the Institute of Geosphere Dynamics, RAS
using methods and algorithms developed at the Uni-
versity of Zurich, Switzerland. Figure 8 illustrates ver-
tical sections of a 3-D crustal velocity model in Vp and
Vs anomalies. The section is along the refraction line
and the 2-D picture of the b-values as discussed above.
The plane of the section also shows velocity anomalies
and the hypocenters of VT earthquakes from bands
5 km wide on both sides of the section. There are
intensive anomalies in Vp and Vs in the near-summit
part of the volcanic cone and along its northeastern
periphery. The values of the negative Vs anomaly are
in the 6–15% range within that zone, which can be
due to f luid/melt inclusions. The maximum thickness
of the anomalous zone is approximately 3 km and the
length is 12–14 km. The anomalous zone has the
shape of a sill. It contains most of the parasitic cones
on the volcano’s northeastern slope. An intensive neg-
ative anomaly in Vp and Vs was found to exist at the
base of the volcano’s cone (at 1800 m). The region as
here identified is not inconsistent with gravity and
refraction data (Zubin et al., 1990; Balesta et al., 1991;
Piip et al., 1991) and furnishes additional arguments in
favor of an existing shallow source or several magma
chambers within the anomaly. Refraction data argue
for the source to be situated between the folded unit
and the top of the consolidated basement (Balesta
et al., 1991). Overall, the region is in agreement with
the characteristics predicted by B.I. Piip from geolog-
ical data. These characteristics incorporated the thick-
ness and character of the sedimentary features and the
compositions of the xenoliths that were captured by
magma during Klyuchevskoi eruptions (Piip, 1956).
ol. 12  No. 2  2018
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Fig. 7. A 2-D image of frequency–magnitude distributions for volcano-tectonic earthquakes (the b-value) beneath the volcanoes
of the Klyuchevskoi Volcanic Cluster. The white dots represent earthquake hypocenters; the white line encloses region A where
deep-focus long-period earthquakes (DFLP) are the densest. The numerals in the right part of this figure denote b-values.
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According to Koulakov et al. (2013) and Ivanov et al.
(2016), an isometric anomaly of higher Vp/Vs exists at
a depth of approximately 10 km beneath the Kly-
uchevskoi cone. The anomaly can be related to a shal-
low magma chamber at the base of the crystalline
basement depression beneath the KVC.

The most-pronounced velocity anomaly is in a
lower crustal zone at depths of 25–35 km (see Fig. 8).
It is seen in all crustal velocity models for the KVC as
developed by various authors based on the KB GS
RAS catalog of VT earthquakes. The anomaly is
clearly seen in the b-value field where an intensive
cluster of deep-focus long period (DFLP) earthquakes
occurred in the zone (see Fig. 7); the generation of
these events was discussed by Gorel’chik et al. (2004).
A combined analysis of the seismic anomalies suggests
the existence of a magma chamber in the lower crust
beneath Klyuchevskoi. Its location is that of a previ-
ously identified conductivity anomaly (Moroz, 1991),
which was later refined by numerical simulation of the
electromagnetic field. The increased electrical con-
ductivity in that zone is thought to be due to inclusions
of f luids and melts (Moroz and Moroz, 2006). Magma
comes into the chamber from a long-lived subcrustal
source situated in the asthenosphere beneath the
KVC. The existence of such a source in the upper
mantle is corroborated by seismic observations. It is
clearly seen in seismotomographic velocity images
(Gontovaya et al., 2004, 2010; Fedotov et al., 2010;
JOURNAL OF VOLCAN
Kulakov et al., 2016). It should be noted that these
results provide no evidence of a direct supply of
magma from the lower crustal source onto the ground
surface.

CONCLUSIONS

The existence of magma chambers beneath Kly-
uchevskoi Volcano is inferred from numerous regu-
larly occurring eruptions of the volcano and from the
geochemical features of olivines and clinopyroxenes in
moderate potassium magnesian and aluminiferous
basalts and basaltic andesites. We made a composi-
tional study of several thousand minerals and ejecta
due to prehistorical and recent eruptions and of in situ
chilled melt inclusions in the olivines of cinder lapilli
discharged during the 1994 eruption. The result was to
show on a natural object of study, for the first time
during 100 years of research on Klyuchevskoi, that
andesites can be derived from high-alumina basaltic
melts. This inference is based on mineralogic data and
argues for the existence of a shallow chamber. The
inference is important for further study of the origin of
andesites discharged by Bezymyannyi Volcano, which
stands close to Klyuchevskoi. The dualism in the vari-
ation of the concentrations of CaO and Al2O3 in oliv-
ines and clinopyroxenes in high-alumina and magne-
sian basalts and basaltic andesites during crystalliza-
tion provides evidence of deeper magnesian magma
OLOGY AND SEISMOLOGY  Vol. 12  No. 2  2018
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Fig. 8. Vertical sections of the 3-D crustal velocity model in anomalies of Vp (a) and Vs (b) beneath the Klyuchevskoi Volcanic
Cluster. The whiter areas mark crustal volumes with lower Vp, while grey areas mark those volumes with higher Vp. The white
dashed line separates the crustal volume where no observations of Vp and Vs are available. (1) Volcanic edifices; (2) earthquake
hypocenters; (3) isolines of absolute velocities Vp (km/s). Tlb, Bzm, and Klch stand for Ploskii Tolbachik, Bezymyannyi, and
Klyuchevskoi volcanoes, respectively.

100 20 30 40 50 60 70
SW

30

20

10

40

0
NE

KlchBzmTlb

D
ep

th
, k

m

km

30

20

10

40

0

D
ep

th
, k

m

km

P and S velocity anomalies (in %)

(a)

(b)

–14

3

4
5

6

6

6

6

6

7

7

6.5

6.5

6.5

6.5

7.5

–12–10 –8 –6 –4 –2 0 2 4 6 8 10 12 14

1 2 36.5
being emplaced in the shallow high-alumina chamber
during a resumed activity of the volcano. This is also
indicated by the fact that the high-alumina basaltic
andesites discharged by all parasitic vents contained
high-magnesium minerals that are typical of mantle
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
melts. The generation of all aluminiferous basaltic
andesites discharged by parasitic vents was due to mix-
ing of high-alumina and magnesian magmas that
came from different peripheral sources. The decom-
pressional crystallization of olivines (Fo93) at the
ol. 12  No. 2  2018
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deeper magnesian source occurred in the spinel–oliv-
ine cotectic mode and continued with decreasing
pressure and degassing of H2O as far as olivine Fo90.
This was followed by simultaneous crystallization of
olivines and clinopyroxenes in the deeper chamber,
from Mg#90 until Mg#80. Magnesian magma crystal-
lized with concomitant decreasing temperature with-
out pressure changes. The decompressional crystalli-
zation terminated for an indefinite time and was prob-
ably resumed during a volcanic eruption. Olivines and
clinopyroxenes whose magnesium number was below
Мg#80 mostly occurred in the shallow magma cham-
ber, crystallizing from a high-alumina magma as it was
rising and H2O degassing in the magnetite–olivine–
clinopyroxene–plagioclase cotectic mode. The results
of petrologic studies are quite consistent with seismo-
logical and geoelectric observations. An analysis of
seismological surveys (deep seismic sounding and
refraction shooting, seismic tomography, and the fre-
quency–magnitude distribution of earthquakes) to
study the crustal structure and properties revealed a
peripheral magma chamber beneath the Klyuchevskoi
cone in the 25–35 km depth range. This is also corrob-
orated by geoelectric data on conductivity anomalies
associated with inclusions of f luids and melts. The
shallow chamber is most likely situated between the
folded unit and the top of the consolidated basement.
The diameter of the shallow chamber is approximately
12–14 km, while its thickness can reach 3 km.
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