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Abstract
Laterally directed blasts are explosive events following a major sector collapse of a volcano, with the potential for devastat-
ing areas of several hundred km2, due to powerful dilute and turbulent pyroclastic density currents. The catastrophic flank 
collapse on 30 March 1956 of Bezymianny (Kamchatka, Russia) was the climactic phase of the first historical magmatic 
eruption of this volcano, after 1000 years of dormancy. Magma stored in a cryptodome was depressurized by a sector col-
lapse, generating a laterally directed blast immediately followed by pumiceous concentrated pyroclastic density currents. By 
combining petrological data from Bezymianny plumbing system and temporal constraints from orthopyroxene, magnetite, 
and amphibole chronometers, we tracked magmatic processes over twelve years prior to the eruption, followed by magma 
ascent to a shallow reservoir and a heating process at least three months before the eruption. Magma was last stored in a 
cryptodome at least two months before the climactic phase of the eruption. Evidencing magma dynamics of a few months to 
a few years before major flank collapses and laterally directed blasts thus represents valuable information for volcanic risk 
mitigation (as it also occurred at Mt St. Helens).
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Introduction

In volcano monitoring, key issues at stake are the uncer-
tainties regarding the time of onset of an eruption, from 
volcanic unrest signals to the eruption. The time window 
between these two phenomena is a major field of research, 
as it can potentially threaten citizens lives and property and 
impact them on a large scale. To this end, crystals are pow-
erful tools because they can be used as petrological clocks 
and are activated when magma storage conditions change 
(Anderson 1984; Streck 2008; Giacomoni et al. 2014; Petrone 
and Mangler 2021) such as during magma injection, magma 
mixing, or crystallization processes (Hawkesworth et al. 
2004; Costa et al. 2020; Costa 2021; Petrone and Mangler 
2021). After magmatic perturbations, crystals may grow rims 
with different compositions (called “zonations”). Multiple-
zoned crystals with complex textures can form, recording the 
complexity of magmatic processes. With time, the crystal 
chemistry progressively returns to equilibrium by diffusion 
until eruption stops the diffusion process. Few studies have 
modelled diffusion in multiple minerals from the same erup-
tion (Chamberlain et al. 2014; Singer et al. 2016; Cooper 
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et al. 2017; Flaherty et al. 2018; Fabbro et al. 2018; Shamloo 
and Till 2019; Magee et al. 2020; Brugman et al. 2022; Kahl 
et al. 2023) or modelled the timescale given by more than one 
compositional boundary (Kahl et al. 2011; Druitt et al. 2012; 
Petrone et al. 2016, 2018; Rout et al. 2020). Combining dif-
fusion timescales from multiple mineralogical chronometers 
and multiple layers permits us to obtain several independ-
ent timescale estimates and timescales of multiple diverse 
processes leading up to eruption, and thus unprecedented 
temporal information on pre-eruptive magmatic processes 
(Chamberlain et al. 2014; Fabbro et al. 2018).

This type of study is particularly important for eruptions 
of arc volcanoes, which are highly dangerous due to the com-
monly evolved compositions and therefore viscous nature 
of the magmas and their elevated volatile contents prone 
to erupt explosively. A type of explosive eruption that has 
been understood in the last decades is that of those which are 
due to flank-collapse events. Flank collapses, following the 
injection of a magma mass in the flank of a volcano can pro-
duce powerful explosions with a significant laterally directed 
component, that can generate devastating, high energy pyro-
clastic density currents (Voight 1981; Voight et al. 1981; 
Glicken 1998; Belousov et al. 2007). Despite their relatively 
small volumes of erupted magma (< 1 km3), these eruptions 
have led to complete devastation in areas of up to hundreds 
of square kilometers (Belousov et al. 2007). The term of 
these eruptions (directed blast) was born following the 1956 
flank collapse eruption of Bezymianny in Kamchatka, based 
on observations at a large distance by Gorshkov (1959). At 
the time, the eruption was misinterpreted as the debris ava-
lanche (the phenomenon was absolutely unknown then), and 
the laterally directed explosion was described together as a 
directed blast (Gorshkov and Bogoyavlenskaya 1965). The 
eruption of Mt St. Helens in 1980 (Voight 1981; Voight et al. 
1981; Glicken 1998) and the detailed reinvestigation of the 
1956 Bezymianny eruption by Belousov (1996) contributed 
to a better understanding of the processes leading to directed 
blast eruptions.

The injection of magma in the form of a cryptodome into 
the eastern flank caused a large deformation during a growth 
period of approximately two to six months (Belousov et al. 
2007), until its destabilization generated a debris avalanche 
and an open horseshoe-shaped edifice structure. The sudden 
depressurization of the gas-bearing magma of the cryptodome 
caused a laterally directed blast that resulted in the opening of 
the horseshoe shaped structure and destroying the entire east-
ern flank of the volcano (0.5 km3 of debris avalanche) (Belou-
sov and Bogoyavlenskaya 1988; Belousov 1996; Belousov and 
Belousova 1998; Belousov et al. 2007). The laterally directed 
blast was immediately followed by pumiceous concentrated 
pyroclastic density currents (C-PDC) (Belousov 1996), with a 
scenario similar to the 1980 eruption of Mt St. Helens (Lipman 
and Mullineaux 1981; Criswell 1987).

Predicting the date, style, and damage extent of these 
violent eruptions is still impossible but understanding the 
pre-eruptive processes controlling these devastating erup-
tions is necessary to progress toward a better risk assess-
ment, which is particularly important for densely populated 
areas (such as Lassen volcanic center (Ewert et al. 2018) or 
Mount Lamington (Belousov et al. 2020)). The 1956 erup-
tion of Bezymianny occurred in an area without a permanent 
settlement, and therefore had a limited direct impact on local 
population; however, this eruption provides an opportunity 
to investigate the changes that occurred in the magmatic 
system in the years preceding the flank collapse through 
petrological investigations.

Few timescale constraints have been estimated prior 
to Bezymianny 1956 eruption. A magma injection was 
thought to have occurred less than two months before the 
eruption (Plechov et al. 2008), and the magma leading to 
the post-blast pumiceous C-PDC was inferred to be last and 
transiently stored for at least 40 days between ~ 2 and 4 km 
(50–100 MPa, 890–930 °C) (Shcherbakov et al. 2013).

We aim to answer the following main questions:

(1)	 Which magmatic processes occurred before the 1956 
eruption of Bezymianny?

(2)	 On which timescales before eruption did the magmatic 
processes take place?

To these aims, we combined the analysis of pre-eruptive 
timescales using different minerals (orthopyroxene, magnet-
ite, and amphibole).

Building on a companion paper on the architecture of 
the storage system prior to the climactic phase of the 1956 
eruption of Bezymianny (Martel et al. 2025), we propose a 
time-constrained scenario of pre-eruptive magma dynamics 
from a deep reservoir (> 200 MPa) to a shallow reservoir 
(~ 50–100 MPa) up to the cryptodome (< 25 MPa).

Geological context and the 1956 flank 
collapse of Bezymianny

Bezymianny (2886 m, above sea level) is a Pleistocene 
andesitic volcano on the Kamchatka Peninsula (Braitseva 
et al. 1991; Girina 2013; Turner et al. 2013; Mania et al. 
2019), where the Pacific plate subducts under the Kam-
chatka-Okhotsk continental block (~ 8 cm/year) (DeMets 
1992). Bezymianny is part of the Klyuchevskoy volcanic 
group (Braitseva et al. 1995; Levin et al. 2002; Journeau 
et al. 2022) and is located in the Central Kamchatka Depres-
sion, a region with the most magma-producing arc volca-
noes on earth (Fig. 1; Supplementary Fig. 1). Between 2.4 
and 1.7 ka and 1.35 and 1 ka BP, major eruptive activity 
occurred at Bezymianny (Braitseva et al. 1991; Mania et al. 
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2019). Pre-historic eruptive activity formed lava flows, extru-
sive lava domes, and extensive pyroclastic density current 
deposits, with volcanic activity intermitted by long phases 
of dormancy (Braitseva et al. 1991; Girina 2013; Turner 
et al. 2013). The last repose period of the volcano was from 
1000 years BP to 1955 AD (Braitseva et al. 1991; Turner 
et al. 2013). The magma compositions ranged from basaltic 
andesite to dacite (Almeev et al. 2013a).

1956 flank collapse and recent eruptions

After 23 days of intense seismic swarms, which began on 29 
September 1955, the first historical eruption of Bezymianny 
started on 22 October 1955 (Fig. 2a) (Gorshkov 1959; Toka-
rev 1981, 1985). The eruption commenced with a preclimactic 
phase (the phase preceding a large eruptive phase or climactic 
phase) with explosive activity (probably phreatic to phrea-
tomagmatic explosions (Belousov et al. 2007)) from within 
a new crater, with frequent ash explosions characterized by 
plumes rising as high as > 6 km (Gorshkov 1959; Belousov 
and Bogoyavlenskaya 1988). Eruptive activity diminished by 
21 November. It is not sure if the accumulation of volcanic 
deposits due to the phreatic eruptions of the preclimactic 
phase formed a cone in the crater or if a lava dome may have 
grown slowly in the new crater, as observations conditions 
were difficult at the time (overflight on 25 January 1956). 
Simultaneously, a batch of magma started to intrude the east-
ern flank of the volcano (cryptodome), as the southeastern 
slope of the cone was slowly uplifted (by as much as 100 m, 

visible in photographs from February 1956) (Belousov and 
Belousova 1998; Belousov et al. 2007) (Fig. 2c). Later models 
considered that magma did not reach the surface before March 
1956 and that all the deformations (on the flanks and of the 
crater) represented an uplift of old volcanic rocks that com-
posed a plug, which was later ejected by the blast (Fig. 2b) 
(Gorshkov and Bogoyavlenskaya 1965; Belousov 1996). Until 
March 1956, weak explosions with ash plumes took place (up 
to 3 km high) (Gorshkov 1959).

On 30 March 1956, the climactic phase of the eruption 
began unexpectedly during a general weakening of vol-
canic and seismic activities (Gorshkov 1959) (Fig. 2d). The 
collapse of the highly deformed southeastern flank of the 
volcano generated a 0.5 km3 debris avalanche that rushed 
down the flank of the volcano and its surroundings at a speed 
of ~ 60 m/s, covering an area of 36 km2 and leading to the 
opening of a large horseshoe-shaped crater of 1.7 × 2.8 km 
(Belousov and Bogoyavlenskaya 1988; Belousov and Belou-
sova 1998; Belousov et al. 2007). Unroofing the cryptodome, 
the flank-collapse triggered a catastrophic laterally directed 
blast toward the southeast, that led to the formation of a 
violent PDC (Fig. 2). This diluted and turbulent PDC with 
an average effective temperature of about 250 °C destroyed 
an area of ~ 500 km2, travelling with a velocity of more than 
100 m/s. The volume of the deposits was estimated to be 
0.2–0.4 km3 (Belousov 1996; Belousov et al. 2007). Fol-
lowing this explosion, the depressurization of the conduit 
triggered an explosive phase that produced a boiling-over 
pumiceous C-PDC with a volume of 0.5 km3 (Belousov 

Fig. 1   Bezymianny volcano in Kamchatka (summit location marked 
with a triangle). a Kamchatka map with the three volcanic zones: 
Sredinny Range (SR), Central Kamchatka Depression (CKD), and 
Eastern Volcanic Front (EVF) (Melekestsev et  al. 1995; Churik-
ova et  al. 2001). Image credit: Nasa Earth Observatory shaded and 
colored Shuttle Radar Topography Mission (SRTM) elevation model 
from February 2000, image courtesy of the SRTM Team NASA/
JPL/NIMA. The inset shows the location of Kamchatka on the globe 
(credit: Google Earth V 7.3.4.8642; July, 2022. Kamchatka, 56° 
7.951′ N, 159° 31.844′ E, view from space, altitude 14,905 km. Image 

Landsat/Copernicus. Data SIO, NOAA, U.S. Navy, NGA, GEBCO. 
Image IBCAO. [10 July 10 2022]). b Bezymianny, with the boundary 
of the debris avalanche deposit and the laterally directed blast depos-
its from 30 March 1956 flank collapse, located below the new depos-
its from eruptions that followed (Belousov 1996) and sampling sites 
(Supplementary Table  1; Supplementary Fig.  1). The white dashed 
line shows the scar of Bezymianny’s flank collapse in 1956. Image 
credit: Google Earth V 7.3.4.8248 (July, 2013). Bezymianny, Kam-
chatka, 55° 56.880′ N, 160° 40.282′ E, eye altitude 17.57 km. Image 
Landsat/Copernicus. Maxar Technologies 2022. [April 12, 2021]
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and Bogoyavlenskaya 1988; Belousov 1996; Turner et al. 
2013). The blast-generated PDC and the post-blast pumi-
ceous C-PDC jointly produced a convective ash cloud of 
34–38 km high, which generated an extensive airfall deposit 
(0.2–0.3 km3) to the north (Belousov and Bogoyavlenskaya 
1988; Belousov 1996; Turner et al. 2013) (Figs. 1b and 2; 
Supplementary Fig. 1). The total volume of the eruptive 
products was between 0.9 and 1.2 km3 (from the blast, post-
blast pumiceous C-PDC, and ash fallout deposits) (Belousov 
1996).

The 1955–1956 eruption was immediately followed by a 
phase of intermittent lava dome growth that continues until 
now. The lava dome growth is accompanied by frequent lava 
dome collapses and strong Vulcanian explosions that pro-
duce moderate scale block-and-ash flows on average twice a 
year (Girina 2013; Turner et al. 2013). Products of this post-
climactic activity are of progressively more mafic composi-
tions (Fig. 2) (Turner et al. 2013; Davydova et al. 2022). It 
has been interpreted that the dome-forming eruptions from 
2006 to 2012 were triggered by regular injections of hot 
volatile-saturated magma into the shallow magma storage 
zone (Davydova et al. 2017).

The volcano then remained dormant between Septem-
ber 2012 and December 2016 (Mania et al. 2019). Since 
December 2016, several explosive eruptions have occurred 
(Davydova et al. 2022; Global Volcanism Program 2023).

Magma plumbing system architecture prior 
to the 1956 flank collapse and climactic phase

Bezymianny’s magma plumbing system architecture, inten-
sive parameters, and magmatic processes prior to the 1956 
eruption have been constrained by several petrological and 
experimental studies (Kadik et al. 1986; Plechov et al. 2008; 
Almeev et al. 2013a, b; Shcherbakov et al. 2013), including 
our companion paper (Martel et al. 2025). These studies 
suggest mid- to upper-crustal magma storage at three main 
levels with magma and melt recharge.

Particularly, Martel et al. (2025) investigated the pressure 
(depth) and temperature conditions of the plumbing system 
beneath Bezymianny from a multiphase petrological point 
of view from blast clasts and Plinian pumices from the cli-
mactic phase of the 1956 eruption. Using thermobarometry in 
amphiboles, melt inclusions, glass compositions, looking at 
microlites textures and compositions, and phase assemblage, a 
three-level magma storage architecture was found: (1) A deep 
magma reservoir at pressures of ≥ 200–350 MPa and depths 
of ≥ 8–13 km (using a magma density of 2650 kg m−3). The 
magma of the deep reservoir had roof conditions of ~ 850 °C, 
considering the uncertainties (840–865 ± 16 °C), and melt 
H2O concentrations of ~ 4.5–6.7 wt%, with a stable phenocryst 
assemblage of plagioclase, amphibole, Fe-Ti oxides, orthopy-
roxene, and accessory minerals that record mixing between 

Fig. 2   Timeline of the preclimactic, climactic, as well as post-erup-
tive phases of Bezymianny 1955–1956 (all pictures are from Gor-
shkov (1959)). The pre-eruptive stage consisted of a seismic swarm 
recorded from 29 September 1955 to 22 October 1955. Some seis-
micity may have been generated before, as the only seismic station 
present was located 42 km away from the volcano (Tokarev 1981, 
1985; Belousov and Belousova 1998). On 22 October, the precli-
mactic phase began, with phreatic to phreatomagmatic explosions 
(a) until the end of November 1955. a Picture of Bezymianny on 30 
October 1955. b Fumarolic activity observed on 25 January 1956 
during the overflight of Bezymianny. Deformation of the SE flank 
and uplift of the old dome was observed; comparison of earlier pic-
tures with those taken in February revealed an uplift of 100 m (Gor-
shkov 1959); c Bezymianny in July 1949, with the black dashed line 

showing the outline of the volcano in February 1956 and red dots, 
indicating the crater in October 1955. d On 30 March 1956, a large 
volcanic earthquake due to intruding magma triggered a large-sector 
collapse, generating a debris avalanche (Belousov and Belousova 
1998). The collapse unroofed the cryptodome, resulting in a directed 
lateral blast due to rapid decompression (view from Kozyresk vil-
lage), leaving a horseshoe-shape topography (1.7 × 2.8 km) (Belou-
sov et  al. 2007). The blast was immediately followed by post-blast 
pumiceous C-PDC and an ash cloud of 34–38 km high was jointly 
produced by the blast and post-blast PDC. e Picture of Bezymianny 
after the 1956 eruption, with the black line showing the outline of 
the volcano before the eruption. The amphitheater scar is outlined in 
orange. f Lava dome growth then constituted the post-climactic stage, 
that continues until now
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two magmas. A minor amphibole population recorded deeper 
and hotter storage areas, indicating crystallization at higher 
pressures of 280–700 MPa, temperatures of 850–990 ± 33 °C 
and melt H2O concentrations of ~ 5.4–8.1 wt%. (2) A shallow 
reservoir at pressures of ~ 50–100 MPa and depths of ~ 2–4 km 
at a temperature of ~ 900 °C (850–925 °C; from the stability 
conditions of quartz), where amphibole partly decomposed 
(developing glass-rich reaction rims) and microlites, including 
quartz, crystallized. (3) A subsurface cryptodome at pressures 
of ≤ 25 MPa and depths of < 1 km. At temperatures ≥ 900 °C, 
amphibole decomposed (developing glass-poor reaction rims) 
and cristobalite formed. The magma that fueled the 1956 erup-
tion was derived from the deep reservoir, but was intermit-
tently stored at shallow level and/or subsurface level (cryp-
todome) en route to the surface. Vesiculated and dense clasts 
of the lateral blast were the products of magma temporarily 
stored first in the shallow reservoir and then in the subsurface 
cryptodome, whereas pumices from the post-blast C-PDC of 
the eruption were generated by magma temporarily stored only 
in the shallow reservoir. A pre-eruptive deep magma injection 
of a hot and more mafic magma is likely to have occurred in 
the deep reservoir, explaining a microlite nucleation event and 
An-rich compositions (Martel et al. 2025).

Using seismic tomography, Koulakov et al. (2017, 2021) 
have also inferred current magma storage and source zones 
at mid crustal level (10–15 km) as well as at shallow level 
(3 km depth) and finally at very shallow level at ~ 1–2 km 
depth within the edifice of Bezymianny, in agreement with 
petrographic studies on December 2017 samples. Further-
more, earthquakes during eruptions at Bezymianny since 
1999 characteristically extended from the surface to a depth 
of approximately 6 km, confirming the presence of a magma 
reservoir at mid-crustal depth (Fedotov et al. 2010; Thelen 
et al. 2010). It has also been proposed that Bezymianny, Kly-
uchevskoy, and Tolbachik volcanoes derive their magmas 
from a common storage zone at > 30 km depth (Koulakov 
et al. 2013, 2017, 2020, 2021; Shapiro et al. 2017).

Methods summary

Field sampling and sample preparation

Samples were collected in 2019 during a field campaign in 
Kamchatka, which targeted deposits of the laterally directed 
blast (called “blast” further down) and post-blast pumiceous 
C-PDC of the 1956 climactic phase (Supplementary Table 1; 
see Supplementary Note) (see Belousov and Belousova 1998).

Our study focused on orthopyroxene, magnetite, and 
amphibole phenocrysts, which were present in all the sam-
ples. Rock mounts were prepared for 11 selected samples, 
comprising relatively dense blast clasts, vesicular and 

highly vesiculated blast clasts, and post-blast C-PDC pum-
ices to characterize textural relations and for all analyses 
of amphibole crystals (Supplementary Table 1). Vesicular 
samples were also crushed using a jaw crusher and sieved 
for individual crystal investigations (see Supplementary 
Note; Supplementary Table 1). The phenocrysts were then 
handpicked from three size fractions, where they were most 
abundant (500–315 µm, 315–250 µm, 250–125 µm) (see 
Supplementary Note). Crystal mounts were polished up 
to 0.3 µm. Orthopyroxene crystals were oriented optically 
with the c-axis in the north–south direction (showing light 
brown colors) and polished to expose their crystal cores to 
prepare them for core to rim analyses and subsequent dif-
fusion modelling, following other studies in this approach 
(e.g., Kilgour et al. 2014; Solaro et al. 2020; Ostorero 2022; 
Ostorero et al. 2021, 2022; Metcalfe et al. 2021) (Supple-
mentary Note).

Textural and compositional characterization

All the crystal mounts were characterized using scanning 
electron microscopes (SEM): a Zeiss Supra 55VP (Sorbonne 
Université, ISTeP, Paris), a Carl Zeiss EVO MA10 SEM 
at the PARI platform at IPGP (Université Paris Cité), and 
a Merlin Compact ZEISS at ISTO using an acceleration 
voltage of 20 kV and a beam current of 8 nA. Overview 
back-scattered electron (BSE) images were acquired for the 
rock mounts and for the crystal mounts with greyscale varia-
tions to identify zoned orthopyroxene and magnetite. Higher 
magnification and resolution images of orthopyroxene zoned 
crystals were subsequently taken for diffusion modelling and 
intercalibration with profiles of compositional point analy-
ses. Magnetite crystals with melt inclusion-rich zones sepa-
rating the core and rim zones were also identified using the 
SEM (Boudon et al. 2015) (Supplementary Note).

Profiles of compositional point analyses were acquired 
for zoned orthopyroxene and magnetite using electron 
microprobe micro-analyzers (EMP): a CAMECA SX-Five 
and a CAMECA SX-100 (Service Camparis, Paris), oper-
ated at an acceleration voltage of 15 kV, a beam current 
of 10 nA, a focused beam of 2 µm and 2 µm steps along 
profiles ~ 60–200 µm in length (Supplementary Note for 
more details). For apparently unzoned orthopyroxene crys-
tals, four points were measured across the crystal to confirm 
homogeneous compositions (Supplementary Note).

Timescale constraints

Interdiffusion timescales were modelled for zoned crystals 
that showed multiple compositional boundary layers or 
“bands” of different compositions, which record crystalli-
zation under different conditions resulting from open-system 
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magmatic processes (Costa et al. 2020; Petrone and Mangler 
2021; Chakraborty and Dohmen 2022). The timescales were 
modelled in AUTODIFF adapted for orthopyroxene (AUTO-
DIFF_opx) and magnetite crystals (AUTODIFF_mgt). 
Demo versions of AUTODIFF_opx and AUTODIFF_mgt 
can be found in the Supplementary Data (Supplementary 
Data 1 and 2).

The timescales of magmatic processes can be estimated 
by using Fick’s second law (Fick 1855) on compositional 
profiles by determining the initial conditions, boundary 
conditions, and (inter) diffusivity of the elements of inter-
est (Costa et al. 2020). The ionic (inter) diffusivity depends 
on several parameters, such as the chemical composition of 
the crystals (Xi; molar fraction of the mineral constituent 
element), temperature (T in K), pressure (P in Pa), oxygen 
fugacity (fO2) and water fugacity (fH2O) (Costa and Morgan 
2010; Costa et al. 2020) (see Online Resource 1; Supple-
mentary Note).

The main assumption is that the initial profile between 
the two compositional zones follows a step function, while 
the boundary conditions are open, based on the method sub-
sequently used by other studies (Couperthwaite et al. 2020; 
Solaro et al. 2020; Ostorero et al. 2021, 2022). For orthopy-
roxene, the Fe–Mg interdiffusion profiles were modelled in 
one dimension, across the c-axis and parallel to the b-axis of 
the crystals (Allan et al. 2013; Couperthwaite et al. 2020), 
using the parametrization of the interdiffusion coefficient D 
of Fe and Mg in orthopyroxene (Ganguly and Tazzoli 1994). 
D has been defined without an oxygen fugacity fO2 depend-
ence in Eq. (1) (Ganguly and Tazzoli 1994):

For magnetite, Ti diffusion  in magnetite was charac-
terized by using the diffusion relationship constrained by 
Aragon et al. (1984), described in Eq. (2):

For T of interest and fO2 of interest, where 
D0

0
= 8.2 × 10−3cm2∕s ; D0

v
 = 1.75 × 10−12 cm2(s atm2/3); 

D0
I
 = 3.9 × 106 (cm2 atm2/3)/s; E0  = 60  kcal/mol; Ev  = 

− 28 kcal/mol and EI = 159 kcal/mol.
The temperature is one of the main parameters influenc-

ing the timescales. For both orthopyroxene and magnetite, 
we used the temperatures determined for the deep and shal-
low reservoir of Bezymianny by Martel et al. (2025). From 
glass compositions, thermobarometry of amphibole (Higgins 
et al. 2022) and looking at microlites and phase assemblages, 
the temperatures and uncertainties were estimated to be 
of ~ 850 ± 50 °C for the deep reservoir and ~ 900 ± 50 °C for 
the shallow reservoir where the magma at the origin of the 
blast and pumiceous C-PDC resided (Martel et al. 2025). For 
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magnetite, the oxygen fugacity of ~ 1.5 above NNO was used 
(Supplementary Table 2; Supplementary Figs. 2–3) (aver-
age from the highly variable oxygen fugacity determined 
from amphiboles from the main population of the shallow 
reservoir: ~ ΔNNO to ~ ΔNNO + 2.6; Martel et al. 2025). 
Timescales in multiple-zoned crystals have been modelled 
in several of their internal bands or external rims when pos-
sible. The bands were modelled independently, as AUTO-
DIFF is not handling multiple-zoned profiles (not handling 
multi-steps) and as the diffusion timescales were not always 
modelled on successive bands (e.g., timescales modelled 
from band 1 (B1) to B2 and B3 to B4 but not on B2 to B3) 
(Supplementary Table 3; Supplementary Note). As most of 
the modelling is undertaken at 900 °C, there is no differen-
tial response between core residence and rim residence in 
most cases, and a multi-step correction is not necessary (see 
Results). More details on the Fe–Mg interdiffusion modelling 
for orthopyroxene, the choice of diffusion coefficients, Ti dif-
fusion modelling for magnetites, and the temperatures used 
to estimate the timescales as well as the uncertainties can be 
found in the Supplementary Note (Supplementary Table 2; 
Supplementary Figs. 2–3). The method to calculate the uncer-
tainties associated to the orthopyroxene timescales using a 
Monte-Carlo simulation can be found in Supplementary Data 
3. The method of timescales estimation from amphibole rims 
thicknesses is also explained in the Supplementary Note.

Results

In this study, we used 19 andesitic samples from the climac-
tic phase of the Bezymianny 1956 eruption (ten clasts from 
the blast and nine pumices from the post-blast C-PDC) (Sup-
plementary Table 1; Supplementary Fig. 4). The mineral 
assemblage of the clasts from the blast and pumices from 
the post-blast C-PDC (written as C-PDC pumices in the rest 
of the manuscript) is identical and consists of plagioclase, 
amphibole, orthopyroxene and magnetite, forming pheno- 
and micro-phenocrysts (< 100 µm in length) (Supplementary 
Information on the Methods).

Phenocryst textures and compositions

Orthopyroxene

Zonation types  Orthopyroxene crystals are mostly zoned 
(i.e., alternative bands of different compositions). Based 
on SEM images, single-zoned orthopyroxene crystals were 
identified, as having either a normal-zoned rim, with a Mg-
rich core (darker zone on a grayscale image) and an Fe-rich 
rim (rim-ward decreasing Mg#), or a reverse-zoned rim 
(with an Fe-rich core and a Mg-rich rim; rimward increas-
ing Mg#) but also multiple-zoned orthopyroxene crystals 
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(Fig. 3; Supplementary Figs. 6–7). The multiple-zoned 
orthopyroxene crystals have two or more intermediate zon-
ing bands before an external rim. The multiple zonations 
exhibit an oscillating pattern, with Mg# increasing and then 
decreasing with intermediate plateaus of a few µm (from 
2 to 50 µm) (Figs. 3–4; Supplementary Figs. 6–7). Some 
orthopyroxene crystals also show Al sector zoning (Sup-
plementary Fig. 5).

A large number, i.e., 1091 orthopyroxene crystals from 
the blast and 1217 orthopyroxene crystals from C-PDC 
pumices were mounted in epoxy and characterized by 

BSE imaging. The orthopyroxene crystals of the blast and 
C-PDC pumices include a majority of zoned orthopyrox-
ene (73–87% and 84–89%, respectively), with a predomi-
nance of multiple-zoned orthopyroxene crystals (73–93% 
and 54–91%, respectively) (Fig. 4). Some fractions show 
multiple-zoned orthopyroxene crystals with more than five 
bands (39–81% for the blast) (Supplementary Fig. 7). Com-
bining all the size fractions, multiple-zoned orthopyroxene 
crystals with normal- and then reverse-zoned rims are domi-
nant (36% for the blast and 48% for C-PDC pumices; Fig. 4; 
Supplementary Fig. 7).

Fig. 3   Back-scattered electron 
(BSE) images of the zon-
ing types identified in the 
orthopyroxene crystals of 
Bezymianny 1956. a Unzoned 
orthopyroxene. b–c Two types 
of single-zoned orthopyrox-
ene: normal-zoned (b), with a 
Mg-rich core (darker zone on 
a grayscale image) and Fe-rich 
rims (clearer in grayscale), or 
reverse-zoned (c), with a Fe-
rich core and Mg-rich rims. d–i 
Multiple-zoned orthopyroxene 
crystals, either normal + reverse 
(d) or reverse + normal (e) 
or with three bands (nor-
mal + reverse + normal (f), 
or reverse + normal + reverse 
bands (g)) to four (h) or more 
than five bands (i). Schemes 
of the different zoning types 
are shown in Supplementary 
Fig. 6. The white areas are 
magnetite crystals. j BSE image 
of multiple-zoned and unzoned 
orthopyroxene crystals with the 
corresponding chemical map 
displaying Mg (in blue) in (k)
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Compositions  Among the 1091 and 1217 orthopyroxene 
crystals mounted, after selection of the best-preserved crys-
tals (not fractured and showing well-defined bands), com-
positions of 38 and 55 zoned orthopyroxene crystals were 
investigated for the blast clasts and the C-PDC pumices, 
respectively, as well as 21 and 35 unzoned orthopyroxene 
crystals (Fig. 5; Supplementary Figs. 8–10; Supplementary 
Data 4). As a majority of multiple-zoned crystals was identi-
fied both in the blast and C-PDC pumices orthopyroxene 
crystals cargo (75 and 62%, respectively; Fig. 4), multiple-
zoned crystals were mainly analyzed by EPM for timescales 
modelling (100% of the analyzed zoned crystals of the blast 
and 87% of the analyzed zoned orthopyroxene in C-PDC 
pumices, while 13% were analyzed in single-zoned crystals 
of the C-PDC pumices). Binary plots for major elements 
(CaO, FeO, MgO, and MnO versus SiO2) show common 
compositions for unzoned cores and cores of zoned orthopy-
roxene from blast and C-PDC pumices (Supplementary 
Fig.  9). The enstatite content ( En =

Mg

Mg+Fe
 ) of unzoned 

orthopyroxene ranges from En63–66 for the blast and from 
En62–67 for the C-PDC pumices (± 0.9; Fig. 5a–b; Supple-
mentary Figs. 9–10). For zoned orthopyroxene, the range of 
compositions is the same for the blast and C-PDC phase: 
En57–68 (Fig. 5c–f; Supplementary Figs. 9–10). The peaks of 
En content (%) for the cores of the zoned crystals plot around 
En64 for the blast and around En66 for the C-PDC pumices, 
whereas, for the bands of the zoned orthopyroxene crystals, 
two successive peaks of En62 and En66 are highlighted 
(Fig. 5c–d; Supplementary Figs. 9–10).

The same main En variations are identified in the bands of the 
zoned orthopyroxene crystals in both phases (Fig. 5e–f). In both 
phases, regarding the multiple-zoned orthopyroxene crystals and 
their external rims (called “N”), two populations of rims can be 
identified: normal-zoned rims (from En65–68 (N-1 band; 21–25% 
for the blast or C-PDC phase, respectively) to En58–64 (N rim; 
14–29%)) or reverse-zoned rims (from En58–64 (N-1 band; 
25–29%) to En65–68 (N rim; 21–36%)) (Fig. 5e–f). Furthermore, 
the En contents of the majority of multiple-zoned orthopyroxene 
crystals vary from En65–68 to En58–64 (normal zoning) and then 
from En58–64 to En65–68 (reverse zoning) (Fig. 5e–f). Few crystals 
show bands in the same En range (En65–68 for the blast or En58–64 
in the C-PDC pumices).

Magnetite

Zonation types  Most of the magnetite crystals show concen-
tric melt inclusion-rich zones (Supplementary Fig. 3), while 
few of them feature exsolution lamellae. Magnetite crys-
tals in both blast and C-PDC pumice samples are reversely 
zoned, with rare crystals being multiple-zoned (Supplemen-
tary Fig. 3).

Compositions  EMP analyses have been recalculated into 
ionic cations per formula unit, and Fe2+ and Fe3+ ratio have 
also been constrained. In the blast clasts, the magnetite core 
compositions have 88–89 wt% FeO and 5–6 wt% TiO2, while 
their rims have 84–89 wt% FeO and 6–9 wt% TiO2 (Fig. 6a; 
Supplementary Data 5). In the C-PDC pumice samples, the 
magnetite cores have 87–90 wt% FeO and 5–7 wt% TiO2, 
whereas their rims have 85–90 wt% FeO and 5–10 wt% TiO2 
(Fig. 6b; Supplementary Data 5).

Amphibole

All amphibole phenocrysts in Bezymianny’s 1956 erup-
tion products are partly decomposed. Decomposition rims 
range from predominantly relatively thin external rims 
with homogeneous textures (type 1 rims) to relatively thick 
external rims and pervasive amphibole decomposition with 

Fig. 4   Proportions of the zonations identified in the orthopyroxene 
crystals of a the blast in all size fractions (500–710, 315–500, 250–
355, and 125–250 µm) and b the post-blast pumiceous C-PDC, in the 
size fractions between 315 and 500, 250 and 355, and 125 and 250 
µm. The major zonations are highlighted in gray. The detailed pro-
portions of zonations in each fraction are shown in Supplementary 
Fig.  7. NZ, normal-zoned orthopyroxene; RZ, reverse-zoned; MZ, 
multiple-zoned. The percentage of the multiple-zoned population 
recording normal zoning surrounded by reverse zoning is specified
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heterogeneous textures (type 2 rims) and decomposition 
rims of intermediate type (type 1 to type 2 rims) (Supple-
mentary Fig. 11). Pumices have predominantly amphibole 
with type 1 reaction rims, but some have amphibole with 
thin type 2 decomposition rims. Dense clasts from the blast 
have amphibole with thick, pervasive type 2 decomposition 
rims (Martel et al. 2025). The compositions of the amphi-
bole crystals are reported by Martel et al. (2025), but there 
is no relation between amphibole composition and decom-
position rim type.

Lifetime history of the phenocrysts

Temperatures were estimated from the composition of 
orthopyroxene crystals and their hosted melt inclusions 
from C-PDC pumices (Martel et al. 2025; d’Augustin 2021), 
which indicate equilibration at 930 ± 26 °C (Eq. 28a; Putirka 
2008) (Supplementary Table 2). These calculated orthopy-
roxene-melt temperatures are comparable within uncertain-
ties with temperatures constrained using amphibole and the 
phenocryst phase assemblage (Shcherbakov et al. 2013; 
Martel et al. 2025) (see Methods).

Thus, the temperatures determined by Martel et al. (2025) 
of 850 ± 50 °C for the deep reservoir and 900 ± 50 °C for 
the shallow reservoir are the ones that were used for the 
diffusion timescales as they considered several thermom-
eters and as they encompass the whole range of temperatures 
determined using other methods detailed before (see Sup-
plementary Note).

Orthopyroxene timescales

Out of the transects analyzed in zoned crystals of the blast 
and of the C-PDC pumices, respectively, only the profiles 
with sigmoidal shapes (due to diffusion) were treated to 
derive timescale constraints (Fig. 7; Supplementary Data 6). 
These timescales are maximum timescales given that model-
ling was done from step initial conditions and as growth may 
produce non-sharp interfaces (Fig. 7). Thus, 45 and 52 pro-
files were modelled for orthopyroxene in the blast and post-
blast pumiceous C-PDC, respectively (Supplementary Data 
6). Five timescales were modelled on compositional profiles 
depicting En changes in the same En range (En58–64), so 
the figures only show the timescales corresponding to com-
positional differences in different En ranges: from En58–64 
to En65–68 or En65–68 to En58–64 (Figs. 7–8; Supplementary 
Fig. 12; Supplementary Table 3).

As introduced in the Supplementary Note and in the 
paragraph before, the temperature of 850 ± 50 °C (Martel 
et al. 2025) was used to model timescales on core to inner 
normal bands (for one band in the blast clasts and five in 
the C-PDC pumices) as we hypothesize that these normal 

zonations may have formed in the deep reservoir at lower 
temperature (Fig. 8; Supplementary Data 6). As the uncer-
tainties associated to the temperatures are high, modelling 
the timescales with 900 or 850 °C stays in the same order of 
magnitude. The timescales have also been modelled for both 
external rims (rim N) and inner or intermediate bands (N-1 
and N-2…), either normally or reversely zoned, with the 
same temperature of 900 ± 50 °C, as they must have formed 
at a higher temperature than the core and inner rims, in the 
shallower reservoir, even if the uncertainties on the tem-
peratures of these two reservoirs overlap. The fO2 condi-
tions calculated from amphiboles by Martel et al. (2025) 
could indicate oxidized conditions late in the magma his-
tory, that could also explain these reverse zoning patterns. In 
the entire dataset, only two crystals contain two boundaries 
that were modelled at different temperatures. An offline cor-
rection can be applied to account for differential residence 
(Supplementary Data 6). For Bezy8f_250_L6C3, the overall 
timescale drops from 128 days to 107, which is well within 
uncertainty. For Bezy9_250_L8C7g, the rim residence is 
very short compared to the core and the overall crystal core 
timescale shortens from 4484 to 4477 days, which is not a 
significant change.

For both the blast clasts and C-PDC pumices, orthopy-
roxene-derived timescales of all bands indicate perturbation 
of the magma system a few years to days prior to eruption 
(Fig. 8; Supplementary Fig. 12; Supplementary Data 6). The 
timescales estimated for all the external rims N are mainly 
less than one year prior to the eruption, with the majority of 
timescales below 200 days (~ 6 months) (Fig. 8; Supplemen-
tary Fig. 12; Supplementary Data 6).

For the blast, the timescales of the external reverse-zoned 
rims N of the zoned orthopyroxene crystals range from ~ 11 
months (327 (− 227/ + 741) days) to 8 (− 5/ + 17) days before 
the eruption, with the majority of the timescales below 1 
month prior to the climactic phase (Fig. 8c; Supplementary 
Figs. 12 − 13; Supplementary Data 6; Methods for uncertain-
ties). The same is observed for the external reverse-zoned 
rims N of the post-blast pumiceous C-PDC, apart from one 
profile indicating perturbation 2.3 (− 2/ + 5) years before 
eruption (Fig. 8b). For the blast, external normal-zoned N 
rims give timescales between 11 months (334 (− 225/ + 694) 
days) to a few days before the climactic phase but the data 
are limited (n = 6) (Fig. 8a). For the C-PDC pumices, the 
timescales of the external last N normal-zoned rims of 
orthopyroxene range from approximately 2 (− 1/ + 4) years 
to a few days (5 (− 3/ + 10) days) before the climactic phase 
(Fig. 8b, d). For normal-zoned inner (N-2) and N-1 bands 
in orthopyroxene crystals from the blast and C-PDC pum-
ices, the calculated timescales are from 5 years (− 4/ + 11) 
to 1 month (− 25 days/ + 76 days) before the eruption, with 
a majority of the normal-zoned inner bands recording 
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perturbations < 6 months prior to eruption (Fig. 8b, d). The 
inner reverse-zoned bands indicate formation between 128 
days (− 86/ + 263 days) and 3 (− 2/ + 6) years before eruption 
(Fig. 8). For core-inner normal bands (using 850 ± 50 °C), 
the timescales are from 12 (− 9/ + 100) years to 137 days 
(− 114/ + 664 days) before the eruption (Fig. 8).

Magnetite timescales

Using the same temperature used for the orthopyroxene crys-
tals of 900 °C (Martel et al. 2025), Ti diffusion timescales 
were modelled in the blast and C-PDC pumices (Fig. 6c; 
Supplementary Data 7).

Out of the 637 magnetite crystals in the blast and 644 in 
the C-PDC pumices, 10 and 31 profiles, respectively, were 
measured in unfractured magnetites with a well-defined 
inclusion ring (Supplementary Data 7). As a majority of 
reverse-zoned crystals was identified both in the blast and 
C-PDC pumices magnetite crystals cargo, reverse-zoned 
crystals were mainly analyzed by EPM for timescales 
modelling. For the blast, timescales modelled on reverse-
zoned magnetite crystals are young, shorter than 180 days 
(6 months), with 60% of the timescales ranging from 2 to 
1 months (− 26/ + 57 days; − 12/ + 28 days, respectively) 
(Fig. 6c; Supplementary Fig. 13; Supplementary Data 7). For 
the C-PDC pumices, the timescales of the reverse-zonings are 
shorter than those of the blast, with timescales of less than 2 
months prior to the climactic phase, with the majority rang-
ing from 50 (− 25/ + 56) days to (2 (− 1/ + 2) days (Fig. 6c; 
Supplementary Fig. 13; Supplementary Data 7).

Only two timescales were modelled on the core to the 
inner reverse-zoned rim of multiple-zoned magnetite crys-
tals in the blast and C-PDC pumices (of 47 (− 18/ + 52) days 
and 8 (− 4/ + 9) days, respectively) (Fig. 6c; Supplementary 
Fig. 13).

Amphibole decomposition rim thicknesses

Amphibole decomposition rims can be divided into two 
end-member types (referred to as type 1 and type 2) and 
intermediate types. Type 1 amphibole decomposition 
rims, which are present in vesiculated clasts of the blast 
and C-PDC pumices, are relatively glass-rich (~ ≤ 25 vol% 
glass) with minimum thicknesses of ~ 6–11 ± 2 µm (Sup-
plementary Fig. 11; Supplementary Table 4). Their thick-
nesses are comparable to those of amphibole decomposi-
tion rims from other C-PDC pumices (~ 5 − 10 µm) from 
Bezymianny’s 1956 eruption, which were determined by 
Shcherbakov et al. (2013). Type 2 amphibole decomposition 
rims, which are characteristic of dense clasts of the blast, 
are relatively glass-poor (≤ 5 − 10 vol% glass) and texturally 
heterogeneous, with minimum thicknesses of ~ 22 − 29 ± 2 
µm (Supplementary Fig. 11; Supplementary Table 4). Their 
thicknesses compare to those of amphibole crystals from 
other dense clasts of the 1956 blast (~ 25 − 35 µm) character-
ized by Plechov et al. (2008). Intermediate type amphibole 
decomposition rims (≤ 20 vol% glass), which are character-
istic of the vesiculated clasts of the blast, have less glass than 
the type 1 rims and exhibit more extensive decomposition, 
with minimum rim thicknesses of ~ 9–16 ± 2 µm (Supple-
mentary Fig. 11; Supplementary Table 4). Based on inferred 
equilibration pressures in the three reservoirs below Bezy-
mianny (Martel et al. 2025) and data from decompression 
experiments (Rutherford and Hill 1993; Browne and Gard-
ner 2006), probable decomposition rates were estimated for 
each type of amphibole: from 1.3 to 6 µm/day for type 1, 0.5 
to 1.5 µm/day for type 2, and 0.5 − 2 µm/day for the inter-
mediate type (Fig. 9a). Timescales derived from the rims 
thicknesses and decompression rates are discussed below 
(Fig. 9b − d; Supplementary Table 4).

Discussion

Martel et al. (2025) suggests that the magma emitted during 
the post-blast pumiceous C-PDC was first stored in the deep 
storage area and then in the shallow reservoir. The magma at 
the origin of the blast was the same as the post-blast pumi-
ceous C-PDC but it was stored in the deep and shallow reser-
voirs and finally in the cryptodome (Martel et al. 2025). As a 
result, our multi-mineral study of orthopyroxene, magnetite 
zonations, and amphibole decomposition rims in the blast 
and pumiceous C-PDC samples provides insights into the 
timescales of the different magmatic processes taking place 
at these different storage levels.

Fig. 5   En contents of the zoned and unzoned orthopyroxene crystals 
(opx) of the blast and post-blast pumiceous C-PDC. Probability den-
sity functions (PDF) of the En content of unzoned (a–b) and zoned 
orthopyroxene crystals (cores (c and e) and all bands (d and f)). A 
Gaussian kernel density estimation (KDE) was used to estimate the 
probability density functions of the En content of the orthopyroxene 
crystals adapting the code of Petrelli (2021). g–h External reverse 
and normal rims (N) are shown, as are the compositions of the bands 
before (N-1) and their zoning types compared to the N-2 band (either 
normal or reverse). Single-zoned rims are also shown for orthopy-
roxene crystals of the post-blast C-PDC pumices (dark dashed histo-
grams). Two main En contents can be identified, with rims evolving 
either toward En-richer or En-poorer contents (c–g), separating the 
En content of the orthopyroxene between En58–65 and En65–68. n is the 
number of orthopyroxene (opx) crystals analyzed

◂
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Multi‑step ascent evidenced by amphibole

Studies of amphibole decomposition rims formed by decom-
pression can generally provide (1) depth-constrained time-
scales (i.e., constraints for residence outside the amphibole 
stability field) and (2) a screening tool for samples that are 
ideally studied in more detail by diffusion chronometry. 
Our analysis and previous work of Plechov et al. (2008) and 
Shcherbakov et al. (2013) show that Bezymianny amphibole 
decomposition rim thickness generally increases from pum-
ice to vesiculated and to dense clasts of the blast. Our and 
previous work moreover show that the conditions of amphi-
bole decomposition in Bezymianny’s system (decomposition 

at < 100 MPa and > 850 to < 950 °C; Martel et al. 2025) 
closely compare to the conditions that have been experi-
mentally explored by Rutherford and Hill (1993), Ruther-
ford and Devine (2003), and Browne and Gardner (2006) 
(i.e., decomposition at < 130 MPa and 830–900 °C), thus 
permitting constraints on the natural system from the experi-
mental decomposition rates. On the basis of this rationale, 
Plechov et al. (2008) and Shcherbakov et al. (2013) inferred 
that amphibole decomposition rims in pumices (~ 5–10 µm 
wide) and dense blast clasts (~ 25–35 µm wide), respectively, 
experienced magma storage for ~ 2 to 14 days and ~ 4 to 34 or 
37 days outside the amphibole stability field (using the range 
of experimentally constrained single-step and multi-step 

Fig. 6   Compositions of magnetite crystals (a–b) and probability 
density curves of the timescales modelled in the blast and post-blast 
C-PDC pumices (c). a–b TiO2 vs FeO compositions of the zoned 
magnetite crystals for the blast and post-blast pumiceous C-PDC (for 
cores and rims). c Probability density function of the timescales mod-
elled in the reverse-zoned magnetite crystals with the temperature of 

900 ± 50 °C estimated by Martel et al. (2025) for the shallow storage, 
considering the uncertainties associated to the individual timescales. 
These uncertainties on individual timescale calculations are shown 
in Supplementary Fig. 13 and Supplementary Data 7. n in a–b is the 
number of magnetite crystals investigated and n in c is the number of 
timescales modelled
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amphibole decomposition rates of Rutherford and Hill 
(1993) and Rutherford and Devine (2003)).

If compared to the entire range of experimentally con-
strained decompression rates (i.e., those of Rutherford and 
Hill (1993), Rutherford and Devine (2003), and Browne and 
Gardner (2006) with minimum to maximum rim develop-
ment rates of 0.5–6 µm/day), then type 1 amphibole rims in 
our pumice samples indicate decomposition for ~ 1 (± 0.3) to 
22 (± 4) days, intermediate type 1 to type 2 rims in vesicu-
lated blast clasts indicate decomposition for ~ 2 (± 0.3) to 32 
(± 5) days, and type 2 rims present in dense blast clasts indi-
cate decomposition for ~ 4 (± 0.5) to ≥ 58 (± 8) days (Fig. 9b; 
“broad estimate” in Supplementary Table 4). For the type 
1 to type 2 rims, similar timescales are thus calculated as 
by Plechov et al. (2008) and Shcherbakov et al. (2013), but 
they extend to overall larger durations (Fig. 9). However, 
tighter constraints can be derived, if we consider the dif-
ferent shallow, pre-eruptive storage conditions of magmas 
that formed the different types of amphibole decomposition 
rims in the dense blast clasts, vesiculated blast clasts, and 
pumice, respectively, considering pressure and temperature 
during amphibole rim formation (Fig. 9b; “best estimate” in 
Supplementary Table 4). Type 1 decomposition rims, which 

occur in pumice samples and highly vesiculated clasts with 
quartz microlites, are interpreted to have formed at ~ 50–100 
MPa and > 850 to < 950 °C, where experimental amphibole 
decomposition rims mostly grow at rates of ~ 1.3 to 6.0 µm/
day (Fig. 9a), thus likely indicating shallow magma stor-
age for ~ 1.5 (± 0.3) to 8 (± 1.5) days (pumice and highly 
vesiculated clasts of the blast) (Fig. 9b–d, Supplementary 
Table 4) and ~ 1.0 (± 0.3) to 8 (± 1.6) days (pumiceous 
C-PDC). Intermediate type decomposition rims, which occur 
in vesiculated blast clasts with quartz microlites and rare, 
small cristobalite blebs, are inferred to have commenced 
decomposition at > 50 MPa and then continued to decom-
pose at < 25 MPa also at > 850 to < 950 °C, where experi-
mental amphibole decomposition rims mostly form at rates 
of ~ 0.5 to 2.0 µm/day (Fig. 9a). They thus likely indicate 
shallow magma storage for > 5 (± 1.0) and < 32 (± 5.2) days 
(Fig. 9b–d, Supplementary Table 4). Type 2 decomposition 
rims, which occur in dense blast clasts with large, ubiquitous 
cristobalite blebs, are inferred to have formed at < 25 MPa 
and ~ 900–950 °C, where experimental decomposition rims 
mostly grow at rates of < 1.5 µm/day (Fig. 9a), thus likely 
indicating storage in the subsurface cryptodome for > 15 
(± 2.1) to > 58 (± 7.8) days (Fig.  9b–d, Supplementary 

Fig. 7   Examples of best-fit models obtained after intercalibration 
of EMP compositional profiles and BSE grey level data of profiles 
in multiple-zoned orthopyroxene crystals (“B” for bands) for a tem-
perature of 900 °C (Supplementary Table 6). a Normal-zoned profile. 
b–d Reverse-zoned profiles. Dashed lines show the initial step model 

used to model the diffusion timescales. Uncertainties associated to 
the timescales are calculated using a Monte Carlo simulation (Sup-
plementary Data 3). Standard deviation on the Mg# is shown. More 
details in the Supplementary Materials and Supplementary Fig. 3 can 
be found



	 Bulletin of Volcanology (2025) 87:1919  Page 14 of 22

Table 4). If temperatures increased indeed from magma 
in the shallow reservoir (> 850 to < 950 °C), where type 1 
rims formed, to magma in the cryptodome (~ 900–950 °C), 
where type 2 rims formed (Shcherbakov et al. 2013; Martel 
et al. 2025), then the residence timescales of the crypto-
dome magma and the blast may be overestimated relative to 
those of the magma erupted from the shallow reservoir that 
generated pumice, but within our broad estimates (Fig. 9). 
We highlight that even though our best estimated amphibole 
rim timescales remain necessarily relatively broad (owing to 
limited experimental constraints for comparison), we posit 
that they nevertheless provide a record of critical events 
months to days prior to the catastrophic 30 March eruption, 
as detailed below.

Magma dynamics and timescales

Regarding orthopyroxene zonation types, an increase in En 
(reverse zoning) is mainly caused by heating with or with-
out magma mixing with a hotter magma (Martel et al. 1999; 
Solaro et al. 2020). By contrast, an En decrease (normal zon-
ing) may be related to a decompression process, mixing with 
a cooler magma or degassing (Martel et al. 1999; Frey and 

Lange 2011; Saunders et al. 2012; Kahl et al. 2013). For mag-
netite crystals, an increase in Ti can indicate a heating event, 
oxidation event, or magma mixing (Devine et al. 2003).

We infer that for multiple-zoned orthopyroxene crystals, 
core to inner normal bands were formed in the deep reser-
voir, as the temperature was lower in this reservoir and then 
the intermediate bands to external rims of orthopyroxene 
crystals could have formed at higher temperatures, as also 
suggested by the zoning in magnetites. As specified before, 
the average temperature of the deep reservoir (850 ± 50 °C; 
Martel et al. 2025) was thus used to model the timescales 
recorded by the compositional transitions between orthopy-
roxene cores and inner normal bands of the multiple-
zoned crystals, as they were likely formed in this reservoir 
(Fig. 8; Supplementary Data 6). An average temperature of 
900 ± 50 °C was used to estimate all timescales for the inter-
mediate and external rims of orthopyroxene and magnetite 
crystals, which are probably formed in the shallow reservoir 
(Martel et al. 2025) (Figs. 6–8; Supplementary Fig. 2). The 
interpreted timescales below are thus estimated using these 
temperatures.

Concerning orthopyroxene, approximately 80% of the crys-
tals are zoned, indicating that they experienced significant 

Fig. 8   Probability density functions of the Fe–Mg interdiffusion 
timescales for orthopyroxene crystals considering the uncertainties 
associated to the individual timescales. The timescales are modelled 
on the major compositional changes evidenced in orthopyroxene 
crystals depending on the location of the rim modelled in the blast 
(a) and post-blast C-PDC pumices (b) (normal zoning, from En65–68 
to En58–64) and then, reverse zoning, from En59–64 to En65–68, for the 
inner rims, or N-1 bands or external rims N (Fig. 5; Supplementary 
Data 6). The timescales were modelled using the temperature of 

900 ± 50 °C estimated by Martel et al. (2025) for the shallow storage 
and 850 ± 50  °C for the core to inner normal bands. The uncertain-
ties of the individual timescales calculations are shown in Supple-
mentary Figs. 12–13 and Supplementary Data 6. For the blast and the 
core-inner normal zoned band, the PDF could not be made as only 
one timescale was modelled on a core to inner band in a multiple-
zoned crystal. n is the number of timescales modelled, and N is the 
location of the rim. “yr” and “m” are the abbreviations of “years” and 
“months”, respectively
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changes in magmatic crystallization conditions. The small 
proportion of unzoned orthopyroxene crystals from samples 
of both the blast and pumiceous C-PDC (20%; Fig. 4) are 
interpreted to represent crystals that were in parts of the deep 
reservoir that did not experience a significant change in mag-
matic conditions (Fig. 5; Supplementary Figs. 8–10).

Timescales linked to the zoned crystals are from a few 
years to a few days, depending on the type of crystals, 
with longer timescales recorded by orthopyroxene crystals 
compared to magnetite crystals and amphibole decomposi-
tion rims (Figs. 6–9). These timescales estimated on dif-
ferent types of zonations are interpreted below in terms of 

processes occurring in the different reservoirs below Bezy-
mianny, in the framework of the architecture determined by 
Martel et al. (2025).

Deep reservoir

Several years before the climactic phase (4 (− 3/ + 21) 
– 12 (− 9/ + 100) years), perturbations in the deep reservoir 
occurred (~ 8–10 km), resulting in the formation of reverse- 
and normal-zoned inner bands in orthopyroxene crystals 
(associated with En changes characterized mainly between 
En65–68 and En58–64,  or the reverse) (Fig.  5; Figs.  7–8; 

Fig. 9   Timescale constraints for the formation of amphibole decom-
pression rims at low and very low pressures. a Summary of decom-
position rim growth rates (G) for single-step decompression experi-
ments. Data from Rutherford & Hill (1993) for decompression 
experiments for 900 °C and 20 or 90 MPa (yellow symbols) and 860 
°C and 90 MPa (blue symbols) and data from Browne & Gardner 
(2006) for 840 °C and 10 to 95 MPa. Decomposition rim growth rate 
decreases with decomposition pressure and temperature (as shown) 
and also with time (not shown). The conditions of the single-step 
experiments with equilibration at 90 MPa and 840–900 °C closely 
correspond to those estimated for amphibole decomposition in Bezy-
mianny’s system (< 100 to < 25 MPa and > 850 to ~ 950 °C). The 
experimental constraints can thus be used as constraints for the natu-
ral system, but possible small differences in temperature (e.g., possi-
bly as high as ~ 950 °C in the natural system) cannot be quantified and 
the estimated timescales remain necessarily broad. The outlined fields 

mark the range of inferred equilibration pressures and probable range 
of decomposition rates inferred from the Rutherford and Hill (1993) 
and Browne and Gardner (2006) experimental data for type 1 rims 
(red box), intermediate type rims (pink box), and type 2 rims (blue 
box). b Inferred shallow and very shallow amphibole residence times 
below the amphibole stability field for type 1, intermediate type, and 
type 2 rims for the whole range of rim growth rates (“broad estimate” 
in text and Supplementary Table  4) and for the inferred likely rim 
growth rates (“best estimate” in text and Supplementary Table 4). c–d 
Probability density functions of the amphibole timescales consider-
ing the uncertainties associated to the individual timescales using 
c the higher likely growth rate or d the lower likely growth rate for 
the blast clasts and C-PDC pumices. The uncertainties on individual 
timescale calculations are shown in Supplementary Fig. 13 and Sup-
plementary Table  4. n in b–d is the number of amphibole crystals 
investigated
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Fig. 10a; Supplementary Figs. 12–13; Supplementary Data 
6). Slow magma convection in the same reservoir could have 
formed these different oscillating bands close in En content 
(Couch et al. 2001).

Then, from 2 (− 1/ + 4) years to 5 months (− 105/ + 321 
days) before the climactic phase, degassing of the deep 
reservoir took place (Fig. 10b) (normal-zoned inner bands 
formed in the orthopyroxene of the blast and C-PDC pum-
ices; Fig. 8). This degassing pattern is also supported by 
orthopyroxene-hosted melt inclusions where a CO2 degas-
sing trend was also highlighted (Martel et al. 2025). Six 
months before the climactic phase, mixing in a thermally 
zoned reservoir could have then formed reverse-zoned inner 
bands (Fig. 8; Fig. 10c).

Shallow reservoir

Then, from ~ 3 months before the eruption, part of the 
magma of the deep reservoir began to ascend to form 
the shallow reservoir (normal-zoned N-1 bands; Fig. 8; 
Fig. 10d). Furthermore, melt inclusion compositions, the 
presence of quartz, and the absence of cristobalite, have also 
traced magma migration from the upper part of the deep 

reservoir (200–300 MPa, ~ 850 °C) toward intermittent 
shallower storage at pressures of ~ 50,100 MPa (~ 2–4-km 
depth) (Martel et al. 2025). The injection of mafic melt in the 
deep reservoir, inferred by Martel et al. (2025), could have 
occurred around this time triggering magma ascent from 
the deep reservoir to the shallow reservoir, forming An-rich 
microlites. This injection of a hotter and more mafic magma 
from below occurred without mixing, as the melts sampled 
by the melt inclusions and residual glasses are rhyolitic 
(Martel et al. 2025), and no resorption zones are recorded 
in orthopyroxene or magnetite crystals. Using whole-rock 
trace-element data, Turner et al. (2013) also inferred that 
a magma injection occurred at depth, suggesting magma 
recharge for the deep reservoir (Supplementary Fig. 4). 
From there on, a heating event was recognized approxi-
mately 3 months to a few days prior to the climactic phase 
in the blast clasts and C-PDC pumices during which exter-
nal reverse-zoned rims formed in orthopyroxene and mag-
netite crystals (Fig. 8; Fig. 10d) (3 months (− 95 days/ + 3 
years) – 2 (− 1/ + 4) days for orthopyroxene crystals and 166 
(− 82/ + 184) days – 2 (− 1/ + 2) days for magnetite crystals; 
Supplementary Data 7), that could be due to heating from 
the mafic injection below. This injection was not accompa-
nied by mixing in 1956, but the injected magma could have 
later mixed with the part of the magma staying in the deep 
reservoir and could explain the more mafic compositions of 
the lavas post-1956 (Turner et al. 2013).

Reverse-zoned crystals from the blast giving timescales 
from 3 to 2 months may have formed in this shallow res-
ervoir, due to heating from the injection below (Fig. 8b; 
Fig. 10d). As shown by amphiboles, magma ascent from 
the deep reservoir to the shallow one occurred up to 8 days 
before the climactic phase (type 1 amphibole in C-PDC 
pumices and some clasts of the blast), during which time 
magma ascent may have critically increased overpressure 
(Fig. 9c–d; Fig. 10e).

Cryptodome

At the same time (~ 2 to 3 months before eruption onset), 
magma ascent up to the shallow reservoir could have 
allowed the opening of fractures toward the surface. A large 
volume of magma is then injected into the south-east flank of 
the edifice, forming a cryptodome and a progressive defor-
mation of the south-east flank (Fig. 10d). Indeed, the blast 
magma is cristobalite-rich (Martel et al. 2025). Furthermore, 
external normal-zoned orthopyroxene rims from the blast 
have timescales between 11 (− 4/ + 23) months and 1 month 
(− 15/ + 47 days) (Fig. 8; Supplementary Data 6), indicat-
ing magma decompression. Type 2 amphibole decomposi-
tion rims also recorded very shallow storage for 58 days 
(± 8 days) or more for magma that formed dense clasts in 
the blast (Fig. 9; Supplementary Fig. 11). This timescale is 

Fig. 10   Magma dynamics inferred for the 1956 climactic phase 
of Bezymianny from the combined point of view of orthopyrox-
ene, magnetite, and amphibole crystals in this study (Figs.  6–9), 
with the architecture of the magma plumbing system from Martel 
et  al. (2025). Geophysical observations are from Gorshkov (1959), 
Gorshkov and Bogoyavlenskaya (1965), and Belousov and Belou-
sova (1998). a Using orthopyroxene textures and timescales, we infer 
that self-mixing occurred in the deep reservoir several years before 
the climactic phase of the eruption (from reverse and normal zon-
ing of inner bands of orthopyroxene crystals). b Then, from 2 years 
to 6  months before the climactic phase, degassing of the magma 
occurred and formed normal zonings in orthopyroxene and recorded 
by melt inclusions hosted in orthopyroxene. c Six months before, sev-
eral minor orthopyroxene reverse zonings recorded self-mixing in the 
reservoir. d From 3 to 2 months before, magma ascent began to occur 
to form the shallow reservoir. Heating from a magma injection in the 
deep reservoir (Martel et  al. 2025) or degassing-driven crystalliza-
tion with possible oxidation generated external reverse-zoned rims 
of orthopyroxene and magnetite and type 2 amphibole. This mafic 
melt injection could have generated overpressure and favored magma 
ascent to the shallow reservoir (Martel et al. 2025). At the same time, 
the blast magma migrated to the very shallow zone forming a crypto-
dome (< 25 MPa) (generated from external normal-zoned orthopyrox-
ene crystals, intermediate-type amphibole, and the presence of cristo-
balite). Normal-zoned orthopyroxene crystals from C-PDC pumices 
also show the beginning of magma ascent around the same time into 
the shallow storage zone. e Finally, magma at the origin of the post-
blast C-PDC pumices ascended in the shallow area a few days before 
the eruption, generating type 1 amphibole and other amphibole crys-
tals from the C-PDC pumices (Shcherbakov et al. 2013). f The par-
oxysmal eruption of Bezymianny then occurred, on 30 March 1956, 
following the collapse of part of the flank of Bezymianny. Dashed 
outlined lenses can correspond to old, almost cooled reservoirs. 
“opx” stands for orthopyroxene, “mgt” for magnetite, “plag” for pla-
gioclase, and “amph” for amphibole crystals

◂
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longer than that previously inferred (≤ 34–38 days (Plechov 
et al. 2008; Shcherbakov et al. 2013)), but is in agreement 
with observations of flank uplift in January and February 
1956, thus approximately 2 months prior to the flank col-
lapse and the generation of the blast (Belousov and Belou-
sova 1998).

Some external reverse-zoned orthopyroxene and magnet-
ite crystals of the blast giving timescales of a few days were 
likely formed by heating from the magma below (Fig. 8; 
Supplementary Table 3; Supplementary Data 6–7), as this 
study used individual orthopyroxene and magnetite crystals 
from relatively vesiculated clasts from the cryptodome (Sup-
plementary Table 1). The cryptodome was probably zoned in 
temperature, with a colder crust that had denser and colder 
clasts, richer in cristobalite, as identified by Martel et al. 
(2025) and Plechov et al. (2008) (Fig. 10d–e).

The external reverse zonings in orthopyroxene and mag-
netite crystals could also be formed by oxidation of magma 
by sulfur degassing during decompression (Jugo 2009; Gail-
lard and Scaillet 2014), as oxidizing conditions have been 
calculated (ΔNNO up to ~ ΔNNO + 2.6) for the magma 
(Figs. 6–8) (Martel et al. 2025). It has indeed been shown 
that Ca-experimental orthopyroxene crystals become richer 
in En when the oxygen fugacity increases for a given tem-
perature and H2O melt content (Martel et al. 1999). Orthopy-
roxene crystals from C-PDC pumices also show short time-
scales for reverse zonings, whereas they are stored deeper 
than the cryptodome, so a magma influx from the deep res-
ervoir to the shallow one could have led to some heating 
in the shallow reservoir (Supplementary Data 6). Another 
explanation of this temperature increase could originate in 
degassing-driven crystallization releasing latent heat, as it 
was shown for hydrous magmas that decompress sufficiently 
slowly to allow crystallization based on Mt St. Helens and 
Shiveluch (Kamchatka) melt inclusions (Blundy et al. 2006).

Furthermore, magma that formed vesicular clasts in 
the blast with intermediate type amphibole decomposition 
rims also continued to ascend from shallow to very shal-
low storage for less than 32 days before the climactic phase 
(Fig. 9c–d; Fig. 10e). These timescales agree with contin-
ued cryptodome growth and inflation of the volcanic edifice 
(Belousov and Belousova 1998).

If we consider the effect of our temperature assumption 
used for the modelling of the timescales, we can calculate 
the corresponding timescales. A higher temperature esti-
mate (930 °C, for the pumiceous C-PDC from melt inclu-
sions (Martel et al. 2025; d’Augustin 2021)) leads to shorter 
timescales (overall the timescales would be divided by 
2; a maximum of 660 days compared to 1475 days using 
900 ± 50 °C) (Martel et al. 2025) (Supplementary Fig. 14). 
However, the large uncertainties of the temperatures used 
to model the timescales overlap with the ones using 930 °C 

so the timescales would be of the same order of magnitude, 
around some years to days before the climactic phase.

Seismic data and comparison with the Mt St. Helens 
1980 blast

Up to September 1955, in the Klyuchevskoy group, not a sin-
gle earthquake with an epicenter close to Bezymianny was 
recorded (Tokarev 1981). Comparing the inferred magma 
dynamics to recorded seismic signals is challenging, as a 
significant portion of the deep seismic precursors likely went 
undetected. This could be due to the fact that only a single 
seismic station, located 42 km away from Bezymianny vol-
cano, has been recording data since 1946 (seismic catalog 
in Russian: Tokarev 1981, 1985). Additionally, an active 
transcrustal magmatic system connects several volcanoes in 
the Klyuchevskoy group, with a well-developed magma res-
ervoir currently located beneath Bezymianny. Consequently, 
the seismicity in this hot area might have been beyond the 
resolution of the instrumentation at the time, or the early 
ascent of magma could have been seismically silent within 
the ductile crust (Shapiro et al. 2017; Melnik et al. 2020; 
Journeau et al. 2022). The pre-eruptive seismic crisis from 
the end of September to October 1955 likely reflects reac-
tivation of the system. The coordinates of the earthquakes 
could not be accurately determined due to the presence of 
only one seismic station (Tokarev 1981). The depths of the 
earthquakes were also not determined at the beginning of the 
crisis, and the epicenters were constrained for the first time 
for the earthquake on 11 October, to be approximately 5 km 
deep in the area of Bezymianny (Gorshkov 1959). There-
fore, the seismic crisis could have begun before, perhaps 
with some events occurring some years before the climac-
tic phase, in relation to the first timescale recorded in the 
orthopyroxene zonings in the deep reservoir, or the early 
ascent could have been silent, as it occurs in Iceland with 
more mafic and less viscous magmas (Kahl et al. 2023). 
Indeed, for the 2021 Fagradalsfjall eruption, deep magmatic 
unrest preceded geophysical eruption precursors on the Rey-
kjanes Peninsula by at least 1 year (Kahl et al. 2023).

Considering the early-warning signs for monitoring cent-
ers, these earthquakes were detected 2 months before the 
preclimactic phase of the eruption, and 6 months before 
the climactic phase, allowing to identify the location of the 
eruption, whereas Bezymianny was considered extinct (Gor-
shkov 1959).

For other directed blast eruptions, such as the 1980 erup-
tion of Mt St. Helens (Lipman and Mullineaux 1981), which 
was of the same magnitude as the 1956 Bezymianny erup-
tion and which devastated an area of comparable size 600 
km2 (500 km2 for Bezymianny) (Belousov et al. 2007), pre-
eruptive timescales constrained by orthopyroxene diffusion 



Bulletin of Volcanology (2025) 87:19	 Page 19 of 22  19

chronometry exist (Saunders et al. 2012). At Mt St. Helens, 
seismic swarms and deformation of the volcanic edifice 
mainly occurred 2 months before the flank collapse (Endo 
et al. 1981; Scandone et al. 2007; Saunders et al. 2012), 
with long-period earthquakes associated with degassing 
of magma occurring mainly 1 month before. Recharge or 
convective overturn of the magmatic system occurred a few 
months to a few years before the blast (4 months–10 years; 
4 timescales) and was linked to deep seismicity some weeks 
before the blast (Saunders et al. 2012). No seismic records 
are available before 1980. The magma dynamics inferred 
for the 18 May 1980 eruption of Mt St. Helens are similar 
to what is inferred here for the 1956 Bezymianny eruption, 
with recharge or convective overturn of the magmatic sys-
tem occurring approximately 1 year before the eruption and 
degassing (Saunders et al. 2012). The deformation patterns 
identified for both Bezymianny and Mt St. Helens 2 to 3 
months before the blasts can be an early-warning sign of 
magma intrusion at shallow depths (Scandone et al. 2007; 
Belousov et al. 2007) and pressurization of magma, which 
are also recorded in crystals. These timescales of early-warn-
ing signs could be useful for volcano monitoring research 
centers.

Conclusion

Directed blasts are threatening, and understanding their pre-
eruptive dynamics and timescales is of particular impor-
tance, especially if little unrest activity is detected prior to 
these events. Combining information from several petrologi-
cal clocks provides additional insights into the pre-eruptive 
dynamics of these catastrophic eruptions. From orthopyrox-
ene, magnetite and amphibole, multi-step magma ascent is 
inferred prior to the climactic phase of the 1956 eruption 
of Bezymianny. Twelve to 2 years before the eruption, self-
mixing and degassing occurred in the deep reservoir. This 
reactivation was not recorded by seismic signals and can be 
important to interpret future eruptions. Then, more time-
scales are recorded in the 2 years before the climactic phase 
and at least 3 months before the eruption, magma ascended 
from a deep reservoir to a shallower one. A heating event 
linked to magma injection from below or degassing-induced 
crystallization with possible oxidation could have contrib-
uted to the formation of reverse zonations. Magma then 
ascended very close to the surface, to form a cryptodome, 
as observed at the time. Here, we estimated the time between 
the onset of flank deformation by cryptodome growth and 
the climactic phase of the eruption to be at least 3 months, 
which must be considered in risk mitigation scenarios, as 
well as longer timescales. Unrest phases at gravitationally 

instable volcanoes with lava domes should thus be closely 
monitored, as lateral blasts can possibly occur.
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