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Abstract—We have obtained the first data on the chemical composition of the eruptive materials from the
explosive eruption of Bezymianny volcano on April 7, 2023. Our unique collection includes freshly sampled
pumice lapilli from the eruption and juvenile blocks from pyroclastic flows. We have identified interesting
patterns in both macro components and specific chalcophile elements, such as copper. The rocks we studied
belong to medium-K two-pyroxene basaltic andesite (55.5—57 wt % SiO,), with mafic enclaves characterized
by a slightly more primitive composition (53.7 wt % SiO,). According to mineral geothermometry data, the
phenocrysts of basaltic andesite crystallized at temperatures in the range from 940 to 960°C, while the for-
mation of phenocryst rims and microlites occurred at 980°C, which corresponds to conditions immediately
before the eruption. The composition of volcanic glass allows us to estimate the pressure at which the magma
reached the last equilibrium with crystallizing phases before eruption (0.5—0.6 kbar). Based on these findings,
we have formulated hypotheses about the potential evolution of the shallow magma chamber of Bezymianny

volcano during the period from 2017 to 2023.
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INTRODUCTION

Bezymianny Volcano stands in the middle of the
Klyuchevskoi Volcanic Group, and is one of the more
active andesitic arc volcanoes in the world. A total of
58 large explosive eruptions have occurred since the
start of the recent eruption cycle (1955—1956) (Girina,
2013; Senyukov et al., 2023).

According to data reported by the Kamchatka Vol-
canic  Eruption Response Team [KVERT,
http://www.kscnet.ru/ivs/kvert/, Girina et al., 2023],
the volcano’s activity started to increase in late March
2023: a strong explosive eruption occurred on March
29, the eruption column rose to 6 km a.s.1. and traveled
for 25 km northeastward from the volcano. Beginning
April 2, debris avalanches were getting ever more fre-
quent, and since April 5 they went down almost unin-
terruptedly (Girina et al., 2023). The paroxysmal
eruption occurred on April 7, the eruption column
rose to heights of 10—12 km a.s.l., and the ash plume
traveled for more than 2000 km east-southeastward
from the volcano. Pyroclastic flows as long as 6 km
went down the Yuzhnaya and Vostochnaya valleys. It
was estimated (Girina et al., 2023) that the volcanic
explosivity index of that eruption was about 2. Mem-
bers of the Eruptivnyi field team from the IVS FEB

RAS were directly in the ashfall zone, so they have
recorded how the ashfall occurred, as well as took
samples of fresh material.

MATERIALS AND METHODS

The products of the paroxysmal eruption were
sampled twice: during the eruption itselfin April 2023,
and then in August 2023.

The tephra that was produced during the eruption
at some distance from the volcano had a characteristic
feature (Fig. 1a, green stars), viz, a distinct bimodality
of clast size, with the ash plume simultaneously drop-
ping very fine ash and large pumice lapilli (very porous
clasts of irregular shapes, mostly light grey in color) 1
to 8 cm across (Fig. 2a). To get an idea of the tephra
due to the paroxysmal phases of the eruption we ana-
lyzed large pumice lapilli 3 to 5 cm across sampled on
the right bank of the Sukhaya Khapitsa River on April 7,
2023 (55.938809 N, 160.767161 E) and on April 8,
2023 near Ambon Rock (see Figs. 1a, 2; 55.950000 N,
160.751650 E).

The pyroclastic flow along the Vostochnaya Valley
was sampled in August 2023 (see Figs. 1a, 1b, 1c). The
flow was mostly composed of fresh juvenile material.
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Fig. 1. The deposits discharged by the explosive Bezymianny eruption of April 7, 2023. (a) pyroclastic deposits on the Bezymianny
slopes after eruption. The image was acquired from the Sentinel-2 satellite on April 29, 2023 (https://www.sentinel-hub.com/).
Stars mark sampling sites in April (green) and in August (yellow) 2023; (b) inner part of a juvenile block, August 2023; (c) surface

of pyroclastic flow, August 2023.

The clasts were strongly dominated by rounded blocks
and bombs with traces of plastic deformation and
cooling, resurgent clasts (fragments of the volcanic
edifice and products of previous eruptions) being
much less frequent. The largest juvenile blocks were
about 5 m across, the blocks were mostly greenish-
grey on the outside and dark grey, occasionally black
inside. Much rarer findings are dark grey or black
blocks 0.5—1 m in diameter. The rarest are angular
clasts that are black, dark grey, and reddish-brown.
The juvenile blocks contain mafic enclaves and xeno-
liths of varying genesis. For this study we analyzed
samples of greenish-grey and black juvenile blocks, as
well as mafic enclaves encountered.

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 18

The mineral composition was analyzed by a Jeol
JSM-IT500 scanning electron microscope (SEM)
equipped with an X-Max"N X-ray EDS spectrometer
(Oxford Instruments) at the Department of Petrology
and Volcanology, Moscow State University. Analyti-
cal conditions for the analyses were 20 kV accelerating
voltage 0.7 nA and counting lifetime of 100 s. Pure
synthetic oxides and natural silicates were used for cal-
ibration; the accuracy was controlled by analysis of sil-
icate standards (Jarosewich et al., 1980). Scanning
electron microscopy was also employed for backscat-
tered electron (BSE) imaging of textures and mineral
assemblages.

No.5 2024
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Fig. 2. Ashfall during the eruption of April 7, 2023. Falling pumice lapilli are clearly seen. The same can be distinguished on snow
covered with fine ash (a). Lapilli on snow near Ambon Rock on the following day after the eruption (April 8, 2023, photographe
d by I.A. Nuzhdaev) (b). Pumice lapilli of Bezymianny tephra immediately after sampling (photographed by V.1. Frolov) (c).

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 18 No.5 2024



ERUPTIVE PRODUCTS FROM THE BEZYMIANNY VOLCANO ERUPTION 421

The bulk rock composition was determined at the
laboratory of the analysis of mineral materials of the
IGEM RAS (Moscow) by X-ray fluorescence spec-
troscopy (XRF) using an Axios mAX vacuum wave-
length dispersive spectrometer of successive operation
(PANalytical, Netherlands). The spectrometer is
equipped with an X-ray tube of 4 kW power and an Rh
anode, the maximum voltage on the tube is 60 kV, and
the maximum anode current is 160 mA.

We determined porosity by computerized X-ray
tomography using a Yamato TDM 1000H—II instru-
ment. Porosity itself was found from tomographic
results using the VGStudio Max 2.2 software. Because
the lapilli under analysis had irregular shapes, we
reduced the contribution of marginal effects into the
result in porosity calculations by using a central cylin-
drical region of lapilli rather than their entire volume.
Because the resolution of the tomograph is limited,
our calculation was of necessity confined to pores
whose linear size exceeded 0.2—0.25 mm, when the
volume of the region is 2500—4100 mm?.

Apart from determinations of porosity by computer
tomography, we found volumes of samples by hydro-
static weighing method, and this enabled us to find
porosity given the mass. The density of the solid com-
ponent of a lapillus was assumed to be 2.67 g/cm3
(Mueller et al., 2011).

Porosity calculations also used the analysis of pan-
oramic BSE images using the ImageJ software and the
procedure that was previously described in (Plechov
et al., 2015).

A quantitative estimate of the volcanic radiative
power (VRP) was determined by a method based on
the analysis of multispectral nighttime observation
from space using VIIRS radiometers (Visible Infrared
Imaging Radiometer Suite) from Suomi NPP,
NOAA-20, and NOAA-21 meteorological satellites.
We used the VIIRS Nightfire (VNF) algorithm in
application to a set of satellite images in visible and in
nine infrared spectral ranges (Elvidge et al., 2013;
Zhizhin et al., 2021). The algorithm can inde-
pendently identify subpixel infrared radiators (thermal
anomalies) in the short-wave (SWIR) and medium-
wave infrared (MWIR) spectra, characterizing these
radiators by location, size, and temperature, provided
the signal exceeds the noise level in two or more infra-
red ranges. The algorithm can identify high-tempera-
ture (between 400 and 1600°C) sources of thermal
emission, which may be lava flows or hot lava domes
(Trifonov et al., 2017; Melnikov et al., 2018).

RESULTS
Bulk Composition

The samples under consideration here are consis-
tent with basaltic andesite by their bulk rock composi-
tion (55.5—57 wt % SiO,, Table 1). No significant dif-

ferences have been detected in the bulk rock composi-
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tions of greenish-grey and black juvenile bombs and
blocks of the pyroclastic flow (Fig. 3). The composi-
tions of the bombs and the most primitive lapilli from
tephra show very slight differences, with the variation
among the lapilli samples being somewhat larger. The
concentrations of SiO,, MgO, and FeO vary from
sample to sample, with the composition subject to the
least change (sample ODV4, 55.5 wt % SiO,, 4.4 wt %
MgO, 7.9 wt % FeO) being for the least porous (from
those measured) lapilli sample (68 vol % pores, Table 2),
that with the greatest change (57 wt % SiO,, 4 wt %
MgO, 7.5 wt % FeQ) was for the most porous, ODV2,
with 76 vol % pores. The concentrations of alkalies
(3.4-3.5 wt % Na,O, ~1.1 wt % K,0) and of other
major elements vary little between samples. The sam-
ple of highest porosity (ODV2) is also somewhat
depleted in Sr (290 ppm vs 310—320 ppm) and enriched
in Zn and Zr (104 and 133 ppm vs 80 and 90 ppm) rela-
tive to the two other lapilli (ODV3 and ODV4), while
the concentration of Rb (20 ppm) is the same in all
three samples (see Table 1).

For comparison with the products of previously
studied eruptions we also analyzed one mafic enclave.
This has a slightly more primitive composition
(53.7wt % SiO,, 5 wt % MgO, 8.8 wt % FeO) com-
pared with the host rocks (basaltic andesites), which is
characteristic of the Bezymianny mafic enclaves
(Davydova et al., 2017).

The products of this eruption are enriched in cop-
per compared with analogous rocks discharged by pre-
vious eruptions (1956—2019, Fig. 4a): the Bezymianny
andesites and basaltic andesites typically have copper
concentrations in the range 30—50 ppm (Davydova
et al., 2024), while for this eruption we have 65 ppm
for bombs in the pyroclastic flow and 80 ppm for
lapilli. In contrast to this, the mafic enclave has a com-
position consistent with that for the Bezymianny
inclusions that are least enriched in copper (150 ppm
vs 140—330 ppm, see Fig. 4b).

Petrography

Pumice lapilli are highly porous porphyritic rocks
(Fig. 5) whose phenocrysts are heavily dominated by
plagioclase, as well as by orthopyroxene and clinopy-
roxene, and by Ti-magnetite.

The plagioclase phenocrysts do not exceed 2 mm in
diameter. Most crystals possess a characteristic oscil-
latory zoning (Ang,;_;,) interrupted by high-calcium
zones (Any;_g;) that are frequently complicated with
numerous melt inclusions forming resorption zones
reaching 200 um in thickness. Less frequent are crys-
tals with patchy-zoned plagioclase and high-Ca cores
(>Ang;) containing numerous melt inclusions (sieve-
textured plagioclase). The compositions of microlites
and rims of plagioclase phenocrysts lie in the range
Ansg 4.
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Fig. 3. The bulk rock composition of the volcanic products discharged by the April 7, 2023 eruption compared with those for other
eruptions that have occurred during the current eruption cycle (the compositions are from (Turner et al., 2013; Girina et al., 2019;

Davydova et al., 2022, 2024)).

Pyroxenes (up to 0.5 mm across) are characterized
by simple reverse zoning, homogeneous cores (Mg# =

Mg/(Mg + Fef;t): Opx—65—69, Cpx—69—72), and
rims that are slightly richer in magnesium (Mg# Opx—
66—76, Cpx—72—76).

Apatite is the accessory mineral, with some phe-
nocrysts containing inclusions of ilmenite and and
Fe—Cu sulfides a few um across. It is of interest to note
that our samples have not been found to contain relicts
of amphibole and olivine which are encountered in
products of eruptions occurring during the last few
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decades (Shcherbakov et al., 2011; Turner et al., 2013;
Davydova et al., 2017; Davydova et al., 2022).

The groundmass is glassy, and contains rare large
(20—50 um) microlites of plagioclase and Ti-magne-
tite surrounded by dacitic glass (SiO, 66.6—68.7 wt %,
K,0 2.5-2.8 wt %). The glass composition is homo-
geneous on average within a sample (the scatter is
below 0.5 wt % SiO,), but there was a sample contain-
ing some glass fragments of higher basicity (between
65 and 68 wt % SiO,). The SiO, concentration varies
by about 1 wt % among samples (see Table 2, Fig. 6),

No.5 2024
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Sample ODV2 ODV3 ODV4 VK2302 VK2302¢ VK2302a
Type Lapilli Lapilli Lapilli Bomb Bomb Mafic
Porosity, vol % 76 72 68 enclave
SiO, 56.96 56.30 55.47 55.90 55.97 53.74
TiO, 0.79 0.80 0.83 0.80 0.81 0.97
Al,O4 17.97 18.14 18.03 17.98 18.20 17.94
FeO 7.46 7.57 7.89 7.64 7.68 8.83
MnO 0.15 0.16 0.17 0.16 0.16 0.18
MgO 4.09 4.23 4.44 4.31 4.32 5.06
CaO 7.86 8.18 8.44 8.25 8.15 8.86
Na,O 3.42 3.39 3.49 3.66 3.47 3.32
K,0 1.12 1.05 1.08 1.12 1.07 0.95
P,0; 0.17 0.17 0.16 0.17 0.17 0.14
LOI 1.46 0.38 0.07 0.28 0.08 0.11
Cr 47 35 51 36 38 35
A% 200 179 209 174 189 216
Co n.d. n.d. n.d. 23 24 25
Ni 15 14 15 18 18 21
Cu 82 81 81 65 65 152
Zn 104 78 80 74 74 79
Rb 20 20 20 22 23 19
Sr 289 319 312 322 324 319
Zr 133 91 90 99 96 83
Ba 395 427 395 415 356 341
Y 20 20 21 21 22 20
Nb 3 4 3 n.d. n.d. n.d.

Major elements are given as 100 wt % on dry basis, the concentrations of trace elements are in ppm; n.d. means ro data.

without a visible correlation with the porosity of the
lapilli or with their bulk rock composition.

Geothermobarometry

The temperature of magma crystallization was esti-
mated using a two-pyroxene geothermometer
(Putirka, 2008, equation 26) for a pressure of 1 kbar,
which is in approximate agreement with the depth of
the shallow magma chamber beneath Bezymianny
(Davydova et al., 2022). A change of pressure by 1 kbar
would produce a temperature change less than 5°C,
which allows us to do without more detailed determi-
nations. For these calculations we used analyses of
intergrowths of orthopyroxene and clinopyroxene that
have passed a test for equilibrium (Kp(Fe—Mg)©P—Opx =
(XE /XY /(X /XY = 1.09 + 0.14, Putirka

Fe

etal., 2008). The crystallization temperature esti-

mated for the central parts of the phenocrysts lie in the
range 940—960°C, while the estimated crystallization
temperature for the rims is 980°C.

The pressure of the last equilibrium before the
eruption, roughly that at the depth of magma crystal-
lization, was estimated by a barometer (Albarede,
1992; Putirka, 2008) based on the composition of
matrix glass (silica-activity barometer). For these cal-
culations we used estimated temperatures for pyroxene
rims (980°C). The resulting values lie in the range
0.5—0.6 kbar.

Porosity

The samples for which porosity was determined
have high porosity values reaching 78%. It should be
noted that the values of porosity found by computer-
ized X-ray tomography (Table 3) are appreciably

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol.18 No.5 2024
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Table 2. Representative analyses of glasses when converted to 100 wt % of major oxides

DAVYDOVA et al.

No. P‘V’Z‘I’S;;y’ SiO, | TiO, | ALO; | FeO | MnO | MgO | CaO | Na,O | Ky0 | POs | CI S
ODVI 66.91 | 0.97 | 14.94 | 494 | 0.4 | 1.29 | 3.53 | 432 | 2.55 | 041 | 014 | 0.02
ODVI | 63(58) | 66.63 | 1.00 | 14.66 | 523 | 0.0 | 132 | 3.82 | 429 | 257 | 038 | 0.14 | b.d.l
ODVI 67.13 | 101 | 1473 | 499 | 017 | 129 | 348 | 423 | 2.56 | 041 | 0.1 | bdl
ODV2 67.39 | 0.97 | 14.64 | 494 | 017 | 121 | 3.56 | 4.08 | 2.67 | 038 | 0.17 | 0.02
ODV2| 76(68) | 671 | 0.97 | 1479 | 495 | 0.0 | 121 | 3.35 | 446 | 270 | 0.38 | 0.14 | 0.02
ODV2 67.08 | 0.96 | 14.66 | 497 | 017 | 124 | 318 | 454 | 2.79 | 041 | 014 | bd.l.
ODV3 6511 | 0.91 | 1587 | 54 | 0.4 | 1.24 | 4.08 | 442 | 245 | 039 | 016 | 0.03
ODV3 | 72(61) | 68.42 | 0.89 | 14.26 | 458 | 0.17 | 1.00 | 3.06 | 458 | 2.82 | 021 | 0.14 | 0.02
ODV3 68.77 | 0.93 | 1429 | 443 | 017 | 1.02 | 291 | 452 | 275 | 021 | 014 | 0.02
ODV3 68.26 | 0.90 | 1444 | 471 | 017 | 106 | 324 | 431 | 2.67 | 024 | 012 | bd.lL
ODV4 68.11 | 0.90 | 14.42 | 485 | 0.4 | 1.08 | 3.21 | 438 | 2.70 | 0.21 | 0.01 | b.d.l
ODV4 67.87 | 101 | 1450 | 475 | 010 | 1.20 | 3.6 | 437 | 279 | 024 | 0.01 | b.d.L
ODVA| (0 ypy | 67:63 | 101 | 1438 | 489 | 0.7 | 122 | 341 | 435 | 263 | 031 | 0.01 | bl
ODV4 67.69 | 0.89 | 1418 | 5.02 | 0.4 | 112 | 349 | 442 | 2.68 | 0.38 | 0.01 | b.d.l
ODV4 66.96 | 101 | 14.64 | 501 | 014 | 1.08 | 336 | 4.68 | 271 | 042 | 0.01 | b.d.lL
ODV4 67.72 | 0.89 | 1451 | 48 | 004 | 113 | 3.34 | 446 | 2.67 | 034 | 0.01 | bd.l

The porosity values listed here were obtained by the method of hydrostatic weighing, those in brackets were obtained by BSE imaging;
b.d.l. means below detection threshold.

below those determined by hydrostatic weighing in
water (see Table 3). This may have been primarily due
to limited resolution of the tomograph and, secondly,
to the fact that the peripheral part of a sample not
within the tomograph’s field of vision may have
greater porosity than its central part.
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Remote Sensing Data

Remote sensing data (the VIIRS Nightfire algo-
rithm) can identify with sufficient accuracy periods of
an open and a closed volcanic system. The algorithm
only identifies intensive thermal emission characteris-
tic of hot extrusions or lava flows. The plot in Fig. 7
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Fig. 4. Variations in the concentration of copper in the eruption products of Bezymianny. For legend see Fig. 3.
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Fig. 5. The general view of eruptive products photographed in reflected electrons (a, b) and the groundmass of the samples stud-
ied here, photographed in reflected electrons (c, d). (a) ODV-2 sample (lapilli); (b) VK2302 sample (inner part of a large juvenile
block from pyroclastic flow); (¢) ODV-2 sample (lapilli); (d) VK2302 sample (inner part of a large juvenile block).

shows values of the power radiated by Bezymianny
Volcano for the period 2012—2023. Black vertical lines
mark the dates of the volcano’s eruptions (the data are
from the KVERT catalog, http://www.ksc-
net.ru/ivs/kvert/volc?name=Bezymianny). The plot
also shows the cumulative energy of volcanic thermal
radiation in Joules (red curve). The periods when the
volcanic system was open are marked in green.

Several periods are of interest. Following the
explosive eruption of June 16, 2017, intensive thermal
emission had been recorded until October 2018, which
may correspond with hot extrusive blocks and the
effusion of lava flows. An identical dynamics were also
observed after the January 20, 2019 eruption. The sys-
tem was open during the whole year, but in December
2019 there was a sudden burst of thermal emission that

Table 3. The porosity of lapilli samples found by the method of computerized X-ray tomography and hydrostatic weighing

Method of hydrostatic weighing Computerized X-ray micro tomography
Sample Volurpe of cylind.er linear size volumetric
sample volume, mm? | volumetric porosity for which calculation .
. 3 of voxel, mm porosity, %
was carried out, mm
ODS5 20230 63 3583 0.081580 25.2
0OD6 17630 72 2771 0.078152 35.4
OoD7 19340 78 3250 0.073504 46.7
ODS 29300 72 4199 0.081487 38.4
OD9 24190 63 2567 0.088559 44.2
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol.18 No.5 2024
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Fig. 6. The composition of volcanic glasses in the sample studied here. For legend see Fig. 3. Grey circles represent the mean
compositions of glasses discharged by the 2006—2017 eruptions (Davydova et al., 2022). When there is no uncertainty bar

attached, its value is less than the circle size.

was not accompanied by an explosive eruption. For
the 2022—2023 period of activity we observed increas-
ing mean values of thermal emission. Changes in the
eruption activity of the volcano during that period are
also indicated by seismic observations (Senyukov
etal., 2023). This can probably have been due to
changes in the structure of the Bezymianny magma
plumbing system.

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 18

RESULTS AND DISCUSSION
The Magma Plumbing System of Bezymianny Volcano

In the course of petrologic (Davydova et al., 2017,
2018, 2022, 2024; Shcherbakov et al., 2021), geo-
chemical (Turner et al., 2013), and geophysical (Kou-
lakov et al., 2021; Coppola et al., 2021) studies it was
shown that the present-day eruptions of Bezymianny

No.5 2024
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power, MW. Black vertical lines mark eruption dates. Green regions represent periods of open volcanic system.

are mostly initiated by the supply of magma fraction-
ating from primitive basaltic magmas to basaltic
andesitic magmas in the system of lower—middle
crustal chambers (3—9 kbar) and coming into the shal-
low magma chamber (about 1 kbar). This ongoing
supply during the recent eruption cycle (from
1955—1956 until the present) has altered the magma
composition in the shallow chamber from that corre-
sponding to hornblende dacites to two-pyroxene
basaltic andesite (Turner et al., 2013; Davydova et al.,
2017; Girina et al., 2020). The bulk rock composition
of the feeding magmas and in magmas residing in the
shallow chamber differ only slightly (by a few wt %
Si0,), but the concentration of volatiles differs con-
siderably (at least 5 wt % H,O in supplied magma and
about 1.5 wt % in the magmas of the shallow chamber
(Davydovacetal., 2017; Shcherbakov et al., 2021)). The
ascent of deep-stored magma to the shallow chamber
and the accompanying loss of volatiles leads to several
effects for both of the two mixing components.

Minerals that crystallize at deep levels (3—9 kbar,
mostly the plagioclase—amphibole association) expe-
rience decompression melting as they are rising fol-
lowed by subsequent recrystallization, leading to the
appearance of reaction (opacite) rims in amphibole
and a characteristic zoning (including patchy zoning)
in plagioclase (Davydova et al., 2017). The injected
deep magma is fragmented as it comes into the shallow
chamber, while individual fragments (to be referred to
as mafic enclaves in what follows) rapidly (a few min-
utes to a few hours) lose volatile components owing to
diffusion over-equilibrium with the surrounding
magma melt in the shallow chamber depleted in vola-
tiles. The loss of volatiles leads to rapid crystallization
of the mafic enclaves, until they have reached equilib-
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rium with the magma of the shallow chamber (Davy-
dovaet al., 2024). When residing in the shallow cham-
ber for a long time, some of the enclaves are destroyed,
resulting in the appearance of characteristic relict
crystals of plagioclase and amphibole in the magmas
of the shallow chamber. It thus appears that the pres-
ence of both destroyed mafic enclaves (the presence of
relict cores of plagioclase phenocrysts with patchy
zoning) and of preserved mafic enclaves in the pyro-
clastic deposits of this eruption correspond with signs
providing evidence of supply from lower levels of the
magma plumbing system as pointed out in previous
publications (Shcherbakov et al., 2011, Turner et al.,
2013; Davydova et al., 2017, 2022).

The addition of volatile components to the magma
in the shallow chamber leads to partial melting of the
formed crystals and to subsequent intergrowth of rims
enriched in a higher-temperature endmember and fre-
quently complicated with resorption zones (Davydova
et al., 2017, 2018]. In this way the normal (for pyrox-
ene) or oscillatory (for plagioclase) zoning in phe-
nocrysts that is formed during crystallization in a con-
vecting magma chamber (Shcherbakov et al., 2021) is
interrupted by melting zones that characterize epi-
sodes of new deep-stored magma portions being sup-
plied to the shallow chamber. The eruptive products of
April 7, 2023 show the same pattern, thus also provid-
ing evidence of a persisting mechanism of eruption
initiation at the volcano.

The emplacement of deep-stored magma and the
addition of fluid components results in an increasing
pressure in the shallow chamber. When the critical
value has been reached, the magma is extruded into
the magma conduit to be followed by magma frag-
mentation and subsequent eruption. The depth at
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which magma fragmentation occurs is “recorded” by
the composition of volcanic glass corresponding with
the composition of the last equilibrium between the
melt and crystallizing microlites. Knowing that the
latent heat of crystallization ensures a crystallization
temperature for microlites that is slightly above that for
phenocryst cores (Shcherbakov et al., 2011), as also
knowing that microlites are formed during the rise of
magma in the conduit, we hypothesize that the melt
temperature during fragmentation would not be below
that of microlite crystallization. In this way we can
make a rough estimate for the pressure corresponding
with the depth where magma fragmentation started
before the April 7, 2023 eruption (0.5—0.6 kbar).

Eruption Products and Their Evolution Relative
to Previous Eruptions

Lapilli porosity. This was estimated using three
independent methods, viz, computerized X-ray
tomography, hydrostatic weighing, and analysis of
panoramic BSE images using the ImageJ program.
The greatest porosity values were obtained by weigh-
ing samples in water (63—76 vol %), and the least using
the method of computer tomography (25—46 vol %).
The analysis of large-scale BSE images allows one to
identify porosity variations in a sample, which can
occasionally reach 20 vol %; overall, the estimates lie
in the range 40—70 vol %. As well, BSE imaging
enables estimation of pore size, some of the pores
being considerably below the smallest size necessary
for correct use of computerized X-ray tomography.
Bearing in mind the procedure used to prepare pol-
ished sections (for porous samples one commonly
chooses the strongest part, which is accordingly the
least porous), one arrives at the obvious conclusion
that porosity measurements of such samples by hydro-
static weighing must yield the most correct results
(63—76 vol % for lapilli discharged by the April 7, 2023
eruption).

Estimates of porosity using the method of BSE
imaging overlap with those for some of the volcanic
products discharged by the April 7, 2023 eruption as
obtained by an analogous method (Davydova et al.,
2022). The products referred to are cristobalite- and
tridymite-bearing rocks that were formed during the
eruption of magma stored in the conduit under a lava
plug (Davydova et al., 2022), hence were the first por-
tions of magma that were discharged to the ground
surface during the December 20, 2017 eruption. Com-
parison of bulk rock and mineralogical composition of
the lapilli with the products of the December 2017
eruption referred to above has enabled us to trace
changes in the volcano’s magma plumbing system.

The composition of the eruptive products. The vol-
canic products discharged by the April 2017 eruption
are basaltic andesites whose compositions roughly fol-
low the evolutionary trend for the compositions of
rocks discharged during the current eruptive cycle as
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pointed out previously (Malyshev, 2000; Turner et al.,
2013). However, the rocks sampled from juvenile
blocks in the pyroclastic flow have practically identical
bulk rock compositions, and plot in the region of the
compositions of highest basicity discharged by Bezy-
mianny, while the lapilli show a broader composi-
tional range (55.5—57 wt % SiO,). Similar variations in
chemical composition are also noted for some other
eruptions (e.g., October 14—15, 2007 or December 20,
2017, see Fig. 3).

It has been shown for the December 20, 2017 erup-
tion that this broad compositional range is due to the
output of evolved magma that was formed in the upper
part of the magma chamber, or even at the top of the
magma conduit during the relatively long repose
period of this volcano in 2012—2016, while the bulk of
the material that reflected the magma composition in
the shallow chamber and which composes the pyro-
clastic flows is comparatively homogeneous as to
chemical composition and corresponds with the most
primitive part of the range (Davydova et al., 2022).
Such relatively felsic varieties of eruptive products
were noted for all studied eruptions that have occurred
after the intermission until 2020 (2016—2020) (Mania
et al., 2019; Koulakov et al., 2021; Davydova et al.,
2022, unpublished data).

The pyroclastic flows that are due to the eruptions
of 2022 and 2023 do not contain such comparatively
felsic material, according to our field observations.
The earlier magma portions that were erupted on April
7, 2023 as tephra—pumice lapilli—do not show any
significant displacement to the high silica region,
although demonstrating some compositional diversity.
The above argument suggests that the series of the suc-
cessive 2017—2020 eruptions have effectively removed
from the top of the magma chamber most of the
magma that had been evolving during the repose
period (2012—2016). At present the magma plumbing
system has returned to a state that is analogous to that
before 2012 with a relatively homogeneous shallow
magma chamber whose magma is consistent with
basaltic andesites by its chemical composition.

The increasing mean values of thermal power for
the volcano (see Fig. 7) and the fact that the distribu-
tion of the plots showing thermal emission power has
returned to that observed during the period
2000—2012 (Fig. 8), also constitute indirect evidence
that the magma plumbing system has passed through
the “transitional period” due to the intermission of
explosive activity.

Variations in copper concentration in eruptive
products. It was previously been pointed out for the
rocks discharged during the current eruption cycle of
Bezymianny Volcano that mafic enclaves were anom-
alously enriched in copper (150—330 ppm) in contrast
to the host andesites and basaltic andesites, which
contain relatively low (30—50 ppm) Cu concentrations
for rocks of this composition (Davydova et al., 2017;
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Fig. 8. The plot of thermal emission distribution on Bezymianny Volcano for the period 2012—2023 based on data of VIIRS
Nightfire satellite monitoring compared with previously published data acquired using the MIROVA algorithm (Coppola et al.,
2021) based on the distribution of thermal emission before the intermission of explosive activity during the period 2012—2016.

Black vertical lines mark eruption dates.

Davydova et al., 2024). The basaltic andesites consid-
ered in this study are characterized by a higher con-
centration of copper (65—80 ppm) compared with the
andesites and basaltic andesites discharged by the
eruptions of the last two decades (30—50 ppm, see Fig. 4a,
Davydova et al., 2024) and during the entire current
eruption cycle (18—63 ppm, (Turner et al., 2013)). The
lapilli are also characterized by higher concentrations
of Cu (80 ppm) relative to bombs from the pyroclastic
flow (65 ppm). On the contrary, mafic enclaves have a
composition that plots in the region of least copper-
rich compositions of mafic enclaves for Bezymianny
Volcano (150 ppm for the 2023 enclaves and 100—
330 ppm for the 2007—2017 enclaves, see Davydova
et al., 2024) (see Fig. 4b). Previously we proposed a
mechanism to explain the enrichment of Bezymianny
basaltic andesites in Cu by appealing to the idea of its
redistribution into mafic enclaves in the magma
chamber (Davydova et al., 2024).

The relatively low enrichment of mafic enclaves in
copper and persisting higher concentrations of copper
in basaltic andesites may have occurred in a short time
interval between the supply of magma from the lower
levels of the system into the shallow chamber, and the
eruption. The differences between the compositions of
lapilli and bombs can be explained as resulting from
their formation from magmas stored in different parts
of the magma chamber, with lapilli which were among
the first to be discharged being probably formed of the
magma residing in the upper parts of the chamber or in
the magma conduit itself, and experiencing a minimal
interaction with the magma of the mafic enclaves.
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However, the observed differences can also provide
evidence of considerable changes in the magmatic
processes that led to eruptions of Bezymianny and
controlled the behavior of copper in its magma plumb-
ing system, and call for further study.

CONCLUSIONS

The volcanic products of the April 7, 2023 eruption
are medium-K basaltic andesites. The compositions
of rocks from juvenile bombs and blocks of pyroclastic
flows plot in the region of the most primitive rocks dis-
charged during the current eruption cycle. The lapilli
show a broader compositional range; they were
formed from the magma stored just before the erup-
tion in the upper part of the magma chamber. The
magma had temperatures reaching 980°C just before
the eruption.

The environment of formation and the mineral
composition of the rocks provide evidence of an effec-
tive removal from the upper part of the Bezymianny
shallow magma chamber of the bulk of the magma that
had been evolving toward greater acidity during the
repose period of 2012—2016, thus showing that the
shallow chamber had returned to the state that was the
most similar to that during the period 2007—2012.

There is an interesting difference from the products
of previous eruptions in that a higher concentration of
copper in basaltic andesites compared with the previ-
ous eruptions was observed, but the nature of this phe-
nomenon requires more detailed studies.
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