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ARTICLE

Correlated petrology and seismicity indicate rapid
magma accumulation prior to eruption of Kizimen
volcano, Kamchatka
Lea Ostorero 1✉, Hélène Balcone-Boissard2, Georges Boudon1, Nikolai M. Shapiro 3,4,

Alexander Belousov 5, Marina Belousova5, Andreas Auer 6, Sergey L. Senyukov 7 &

Svetlana Ya. Droznina7

The increase in number and intensity of earthquakes during a pre-eruptive crisis is the main

basis of seismic volcano monitoring. However, a strong understanding of how these seismic

signals relate to magmatic processes in the magma plumbing systems prior to volcanic

eruptions is crucial for these efforts. Here we compare the characteristics of a seismo-

volcanic crisis prior to the 2010–2013 explosive-extrusive eruption of Kizimen volcano,

Kamchatka with the timescales of processes in the magma plumbing system. These time-

scales are inferred from the numerical modelling of iron-magnesium intracrystalline inter-

diffusion in 88 zoned orthopyroxene crystals from dacites and silica-rich andesites collected

after the eruption. We find that the eruptible magmas were assembled rapidly during a

magma mixing process beginning around 1.5 years before the eruption, which is well cor-

related with the onset of the seismic crisis. We conclude that the observed seismic re-

activation marked the onset of magma mixing and led to destabilization of the reservoir,

followed by the eruption.
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During volcanic unrest, the information about the mag-
matic processes eventually leading to an eruption can be
obtained from geochemical, geodetic, and seismic

observations1–4. The latter are particularly valuable because of
their depth and time resolution. An increasing number and
intensity of volcanic earthquakes is considered the hallmark of an
impending eruption5. While the correlation between the pre-
paration of eruptions and the increased seismic activity is well-
established empirically, relating the latter to specific magmatic
processes remains problematic. At the same time, the temporal
evolution of magmatic processes in the plumbing system can be
deciphered based on modern petrological and geochemical
methods6–9. Therefore, a more direct link between seismicity and
magmatic process can be obtained by comparing petrological to
seismological records.

Within a reservoir, crystals grow from melt incorporating
major and trace elements following thermodynamic and kinetic
laws10. In silica-rich melt, orthopyroxenes (Mg, Fe)2Si2O6 are
relevant candidates as their composition evolve from Mg-rich to
Fe-rich composition, depending especially on melt temperature
and composition, creating zoned crystals6. Diffusion in the zoned
crystals is a time-dependent process (Fick’s law) acting as a clock
for measuring timescales of a variety of magmatic
processes7,8,11,12. Zoned orthopyroxenes in evolved mushy zones
below volcanoes are thus time capsules allowing us to constrain
the pre-eruptive timescales of magmatic processes7,8,11,12.

Timescales modelled using (Fe–Mg) interdiffusion chrono-
metry applied to well-monitored eruptions, may be correlated to
monitoring data (seismicity, changes in the gas chemistry and/or
flux, deformation) and then have implications for volcanic
eruption forecasting models7,13–18 and a high potential for pet-
rological monitoring of volcanoes19. Up to now only syn-eruptive
investigations of magmatic processes in correlation with seismic
activity have been performed for differentiated systems17,20,21

compared to pre-eruptive correlations. To establish a temporal
correlation between the magmatic processes and the seismic
activity during a pre-eruptive re-activation of an arc plumbing
system, we selected products from the first historical magmatic
eruption of Kizimen in 2010–2013, in Kamchatka, involving
differentiated magmas. This eruption is of particular interest
because it occurred after several decades of quiescence and was
well-monitored22–25. Seismic network operated by the Kam-
chatka Branch of the Geophysical Survey of the Russian Academy
of Sciences resulted in a strong record of the pre-eruptive seismic
re-activation. Furthermore, the petrological record in the ortho-
pyroxene crystals that is very sensitive to temperature
fluctuations20,26–29 has not been perturbed by previous volcanic
activity.

Therefore, this 2010–2013 Kizimen eruption provides us with a
unique opportunity to study magmatic-seismic correlation and
better understand the processes leading to intermediate to silicic
eruptions. We report a good correlation between the petrological
timescales and the pre-eruptive seismic monitoring 18 months
prior the eruption. The petrological timescales are thus a valuable
warning-clock for volcano monitoring, particularly in subduction
settings.

Geological context and previous results about the 2010 erup-
tion of Kizimen. The Kamchatka Volcanic Arc, in Eastern
Russia, results from the subduction of the northeast corner of the
Pacific plate at a rate of 8–9 cm/yr beneath the Okhotsk plate
(which is connected to the North American plate)30,31 (Fig. 1a).
This arc is the most productive arc on Earth (~310 millions of
tons of magma emitted per year from the late Pleistocene to the
Holocene)32, with more than 25 active volcanic centers. One of

the world’s largest clusters of subduction volcanoes, the Klyu-
chevskoy volcanic group, is located in the northern part of the
arc, in the Central Kamchatka Depression33,34 where the largest
magmatic production is recorded22,31,35 and where the volcanoes
exhibit very sustained seismic activity (Fig. 1a, b). The particularly
strong volcanic activity in this region is likely caused by the hot
mantle material brought by the around‐slab‐edge asthenospheric
flow36 and related crustal extension37. Nearly continuous occur-
rence of deep long-period earthquakes near the crust-mantle
boundary35,38 is likely related to the underplating of mafic
magmas and widespread seismic tremors mark an active trans-
crustal magmatic system connecting different volcanoes of this
group39. At the same time, well-developed magma chambers
beneath some of most active volcanoes such as Bezymianny are
well documented40.

Kizimen is located on the eastern margin of the Central
Kamchatka Depression and its magmas might have similar origin
to those from the Klyuchevskoy volcanic group. Because of the
less dense coverage by seismic stations, the deep structure of the
crust beneath Kizimen is not well known and the reported
magmatic and seismic activity is linked to the upper crust. At the
same time, the existence of crustal scale magmatic system in
analogy with the Klyuchevskoy volcanic group cannot be
excluded. Kizimen is a Late Pleistocene - Holocene volcano, with
four cycles of eruptive activity identified (between 12,000–11,000
to 8400 years ago, 8400–6400, 6400–3000, and 3000 years ago to
the present34).

A possible phreatic eruption occurred in 1927–192834,41 but
the first historical magmatic eruption of Kizimen occurred in
2010–2013, when magma volumes of 0.4 km3 Dense Rock
Equivalent (DRE) were emitted41 (Fig. 1b; Supplementary Fig. 1).
On 11 November 2010, explosive episodes generated pyroclastic
density currents22,41,42, that were then followed by the extrusion
of a lava dome which gradually formed a ~200 m thick lava flow41

(Fig. 1b; Supplementary Fig. 1). Numerous block and ash
pyroclastic density currents were produced as a result of the
gravity collapse of the lava dome and flow front. Dacites, silica-
rich andesites and banded lavas, formed by an incomplete magma
mixing event between two magmas were emitted41 (Fig. 1b–f;
Supplementary Fig. 1 and Supplementary Data 1). For this
eruption, a model of the pre-eruptive dynamics proposed that the
emitted dacite came from the differentiation of a basaltic
magma41. This basaltic magma was not erupted at the surface41.
Several models have assessed the presence of a stable silicic
reservoir under Kizimen, periodically refilled by magmatic
injections41–43. This silicic magma chamber is located between
5 and 11 km depth (based on earthquakes depths and amphibole
and orthopyroxene compositions41, which is in agreement with a
study on older eruptions from Kizimen with storage pressures of
magmas between 1 to 3 kbars (up to 10 km depth)42,43). Another
seismic zone from the ground surface to ~5 km has been
recognized during the 2010–2013 eruption and probably shows
the conduit in which magma ascended to the surface41. An
intensive seismic swarm22,41 was recorded in 1963, with earth-
quakes depths reaching down to more than 35 km but without
leading to an eruption41. This seismic swarm is interpreted as a
mafic injection from depth, as the samples from the 2010
eruption that followed showed resorbed olivines and as it occurs
in a similar geologic and tectonic situation at the volcano
Tolbachik in the Klyuchevskoy group, where intrusion of dikes of
mafic magmas generate multiple earthquakes at depths of up to
30 km41. An episodic increase of the fumarolic activity also
followed the occurrence of large shallow earthquakes of this
seismic swarm (magnitudes of 6.2 and 5.8)34. However, due to the
high viscosity of magma in the reservoir, a long time period can
exist between the input of basic magma and the following
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eruption41. This mafic injection led to magma hybridization of
the lower part of the dacitic reservoir, forming an andesitic
magma at the base of the magmatic reservoir41. A large portion of
the dacitic magma was not affected by this mafic recharge, leading
to the formation of a zoned reservoir.

A seismic crisis started ~1.5 years before the eruption with
earthquakes located between 11 km and the surface22,23,41,44. In
addition, deformation of the volcanic edifice was detected by
Interferometric synthetic aperture radar (InSAR)24. The seismi
data and deformation by InSAR were interpreted as the injection of
a dike of 15 km long and about 20 cm thick in the magmatic
reservoir24. As no seismicity below 12 km has been recorded, this

interpretation is thought not to fit the existing geological and
seismological data41. Prior to the eruption of 2010, another mixing
event occurred between the dacitic and andesitic part of the
reservoir due to some degassing of the dacitic magma leading to
magma convection, with incomplete mixing between the two
magmas41. Kizimen is crossed by an active tectonic fault, through
which volatiles are escaping to the surface. This leakage is visible as
a persistent fumarole on the NW flank of the volcano41, this long-
term passive degassing could be responsible for the depressuriza-
tion of the magma chamber and increase the viscosity of the
magma45,46 (Fig. 1b). The temperatures of the fumaroles at the
summit of Kizimen have been measured from 15 to 31 August 2009

Fig. 1 From macroscale to microscale: Kizimen location in Kamchatka, 2010–2013 eruption samples and orthopyroxenes zonations. a Kamchatka map
with the three volcanic zones: Sredinny Range (SR), Central Kamchatka Depression (CKD) and Eastern Volcanic Front (EVF)33,34 and the boundary of the
active subduction zone of the Kurile-Kamchatka Trench (subduction rate of 8 cm/yr30,122,123). Image from the ArticDEM: Hillshade Gray from the ArcGIS
Living Atlas of the World (by Esri Imagery, Digital Elevation Model created by the Polar Geospatial Center from Maxar Imagery; https://livingatlas2.arcgis.
com/arcticdemexplorer/)124 and modified according to other studies125,126. b Sampling sites on Kizimen (Supplementary Table 1) (Image credit: U.S.
Geological Survey (USGS)/photo by Robert Simmon/Nasa Earth Observatory image from 17 June 2014, using Landsat 8 data from the USGS Earth
Explorer). c Dacite (64 wt% SiO2; 5.6 wt% Na2O +K2O). d Andesite (58–60 wt% SiO2; 4.8–5 wt% Na2O +K2O). e, f Banded samples (alternation between
dacitic and andesitic bands41). On the field, estimates of the percentages of these different samples were ~70% of banded lavas, ~10% of dacites and ~20%
of andesites (even if it is unclear how the initial products looked like or what fraction remained in the chamber). g, h Backscattered electron images (BSE) of
major zonations identified in the dacite and andesite: normal and reverse zonations, respectively. i Red-Green-Blue (RGB) chemical map of a normal-zoned
orthopyroxene, with a Mg-rich core and Fe-rich rims (“Outer” on (i, j)). Mg is in blue and Fe in red. j Reverse-zoned orthopyroxene, with a Fe-rich core and
Mg-rich rims, with the same colors as in (i).
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and a temperature of 340 °C was reached close to the central mouth
of the outermost fumaroles on Kizimen which is higher than
measurements prior to the onset of the unrest (maximum of
~270 °C)47. However, this temperature increase of the fumaroles is
not thought to be a consequence of seismic activation47. One
month before the eruption, visual signs of reactivation were
observed with thermal areas and two new large fumaroles that
appeared (16 October 2010)22,41.

Results
Magma compositions and orthopyroxene crystals. Magmas are
differentiated, with whole rock compositions in the andesitic and
dacitic field (Fig. 1c, d; Supplementary Fig. 1; Supplementary
Note 1 and Supplementary Data 1). Orthopyroxenes are present
in the dacite and andesite. 70% of orthopyroxenes are unzoned
(Supplementary Figs. 2, 3). In the four fractions studied (see
“Methods”), the proportions of unzoned orthopyroxenes are
approximately the same (Supplementary Fig. 3). Zoned crystals
were classified according to the type of zonation observed: either a
single one (normal or reverse zonation) or a multiple one
(Fig. 1g–j; Supplementary Figs. 2, 3; Supplementary Note 2). In
the dacite, the majority of the zoned orthopyroxenes are normal-
zoned while, in the andesite, reverse-zoned orthopyroxenes are
more abundant (Supplementary Figs. 2, 3). Few orthopyroxenes
show reactional borders or remelting textures (Supplementary
Figs. 2, 3). Out of the 1841 orthopyroxene crystals mounted, 112
zoned orthopyroxenes compositions and 108 unzoned
crystals compositions were investigated in the dacite and andesite
(Fig. 2; Supplementary Data 2; Supplementary Figs. 4, 5).

Orthopyroxenes compositions are spread over an En44–73 com-
positional range (Enstatite content (En ¼ Mg

MgþFe)). Three com-
positional groups are identified: the first one corresponds to all of
the cores of the orthopyroxenes (both unzoned and zoned
orthopyroxenes of the dacite and andesite; En62–64), then a group
for the normal-zoned rims of the orthopyroxenes of the dacite
(En44–54) and finally a group for the reverse-zoned rims of the
orthopyroxenes in the andesite (En64–73) (Fig. 2; Supplementary
Figs. 4, 5 and Supplementary Data 2; Supplementary Note 3).
Harker diagrams also highlight that the unzoned orthopyroxenes
and cores of the zoned orthopyroxenes have the same composi-
tions (Supplementary Fig. 5).

Timescales. Out of 112 profiles on zoned crystals, 26 were sui-
table for diffusion modelling for the dacite, as well as 62 for the
andesite (Supplementary Figs. 6–8; Supplementary Note 4 and
Supplementary Data 2). The temperatures used to model the
timescales are calculated on magnetite/ilmenite couples in the
dacite and andesite, this equilibrium between these minerals has
been widely used to estimate temperatures in igneous rocks48.
Mean temperatures of 832 ± 37 and 850 ± 57 °C are found for the
andesite and dacite respectively48 (Supplementary Note 5, Sup-
plementary Fig. 6, and Supplementary Data 3, 4). These profiles
have sigmoidal shapes due to diffusion effects, without bumps or
peaks that could indicate a growth component26 (Supplementary
Figs. 7, 8 and Supplementary Data 2). Al2O3 and CaO gradients
are also compared to the En content to verify that the gradients in
En are due to diffusion49 (Supplementary Fig. 7; Supplementary
Data 2). For both the dacite and andesite, most of the timescales

Fig. 2 Enstatite (En) content histograms of orthopyroxenes of the 2010–2013 eruption. a Unzoned and b single-zoned orthopyroxenes (unzoned
orthopyroxenes compositions shown in the dashed frame). The arrows underline the major path from the core to the rim recorded by the single-zoned
orthopyroxenes. The number of orthopyroxenes analyzed is specified (n). The cores of the zoned orthopyroxenes are in the same range as the unzoned
orthopyroxenes. Orthopyroxene is noted as opx.
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are young (<2 years) for single-zoned and outer rims of multiple-
zoned orthopyroxenes (Supplementary Fig. 6, Supplementary
Note 5, and Supplementary Data 4). Longer timescales associated
to multiple zonations can be related to previous events in the
magmatic reservoir, recorded by the orthopyroxenes. On the
major En changes recorded by the zoned orthopyroxenes (En62–64
to En64–73 in the reverse zoned orthopyroxenes of the andesite
and from En62–64 to En44–54 in the normal-zoned crystals of the
dacite), 80% of the timescales modelled are in the 1.5-years period
prior to the eruption whatever the type of zoning (normal or
reverse) (Fig. 3b, d; Supplementary Figs. 6, 8 and Supplementary
Data 4).

Discussion
Magmatic processes modify the storage conditions of magmas
before volcanic eruptions (changes in temperature, pressure,
oxygen fugacity (fO2) or volatile content)7,13,15,26,50–52 and
Fe–Mg interdiffusion timescales modelling of the zonations in the
orthopyroxenes help us to retrieve the timescales of these

processes by studying the start of the “clocks” of these crystals
(Fig. 3b, d; Supplementary Fig. 6 and Supplementary Data 4).

70% of the orthopyroxenes are unzoned (Supplementary
Figs. 2, 3). Different hypotheses can be evoked to explain this high
proportion of unzoned orthopyroxenes: (i) the magmatic changes
did not affect the entire magmatic reservoir; (ii) the unzoned
crystals were older and their zoning patterns were homogenized
by diffusion with time; (iii) they were formed after the last
magmatic perturbation discussed below. The size of the unzoned
crystals and their proportions compared to zoned orthopyroxenes
are comparable in the different fractions studied (from 125 to
710 µm; Supplementary Figs. 2, 3). Their compositions are also in
the same range as the cores of the zoned orthopyroxenes, in
En62–64 and in the same domains in the CaO, FeO, MgO and
MnO versus SiO2 diagrams, compared to the rims compositions
of the zoned orthopyroxenes (Fig. 2; Supplementary Figs. 4, 5). It
was then more likely that they formed before the last magmatic
event prior to the eruption and that the magmatic changes did
not affect the entire magmatic reservoir (Fig. 3a).

Fig. 3 Linking monitoring data with timescales of magmatic processes. a Time vs depth plot of seismicity at Kizimen from 2003 to the onset of the
eruption (11/11/2010)22,41. The onset of the surface deformation detected by InSAR is specified24,41. b Cumulative number of the timescales estimated on
the major compositional changes evidenced for the dacite and andesite (normal zoning for the dacite (En62–64 to En44–54) and reverse zoning for the
andesite (En62–64 to En64–73); Supplementary Data 4) and cumulative seismic moment. c, d Focus on the 1.5 years pre-eruption. More crystal clocks are
started closer in time to the eruption (steeper slope one year before the eruption). e Uncertainties associated to the individual timescales modelled shown
on (c) (Supplementary Fig. 6 and Supplementary Data 4). These uncertainties are due to the diffusivity calculations (D0, the interdiffusion coefficient, the
activation energy Ea), temperature and resolution of grayscale values of the BSE images6,119. They are calculated using a Monte Carlo simulation. These
uncertainties are asymmetric, with a larger positive error bar and a smaller negative error bar, due to the logarithmic effect of the uncertainties on mainly
temperature and diffusivity calculations26. Orthopyroxene is noted as opx.
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As all the unzoned and zoned orthopyroxenes have the same
core compositions (Supplementary Figs. 4, 5 and Supplementary
Data 2), the orthopyroxenes from the dacite and the andesite are
likely to be originated from the dacitic magma present in the
reservoir before the 1963 basaltic injection. The andesitic part of
the reservoir was then probably formed after the injection of an
aphyric basaltic magma in 1963 and mixed with the dacite in the
lower part of the reservoir, as suggested in a previous study of the
eruption41 and incorporated some of the crystals of the dacite
(including orthopyroxenes) (Fig. 4a). This is also confirmed by a
previous study on plagioclase crystals in banded rocks of the same
eruption41.

The majority of the zoned orthopyroxenes studied indicate a
short timescale (<1.5 years) and no zoned orthopyroxene reflects
a longer timescale in the order of 50 years (that could correspond
to a possible mafic injection in 1963) (Supplementary Fig. 6).

The uncertainties associated to the timescales modelled are
mainly due to the temperature uncertainty and uncertainties due
to diffusion coefficient determination6,26,53 (see “Methods”;
Fig. 2; Supplementary Fig. 6; Supplementary Data 2). For most of
the short timescales (<2 years), the positive error associated to the
timescale is in the order of 1 year and the negative error is around
100 days (Supplementary Fig. 6; Supplementary Data 4). The
young timescales have lower uncertainties than the timescales
superior to 1 year before the eruption (Fig. 3e).

The temperatures used to model the timescales were deter-
mined using the compositions of magnetite/ilmenite pairs which
can show the variability of the temperatures in the reservoir.

Varying the temperature and using the one determined in
orthopyroxenes in the andesitic part of mingled samples by
another study41 implies shorter timescales for the andesite
(divided by 2, with T = 875 °C), showing the importance of the
choice of the temperature in the timescale modelling. As no
temperature was determined in orthopyroxenes of the dacite in
the previous study41 and no melt inclusion with a sufficient size
was found in our samples, the temperatures determined on the
magnetite/ilmenite pairs were used.

On Fig. 3, considering only the major En changes of the zoned
orthopyroxenes (normal zoning for the dacite (from En62–64 to
En44–54) and reverse zoning for the andesite (from En62–64 to
En64–73); Supplementary Data 4), all the zoned orthopyroxenes
give timescales equal to or below 1.5 years. The cumulative
number of timescales recorded mostly increase 1 year before the
eruption (Fig. 3d). So, 1.5 years prior to the eruption of 2010,
after ~50 years of dormancy, the orthopyroxenes in the dacitic
and andesitic magmas begin to record a progressive magmatic
disturbance accompanied by changes in the storage conditions,
with different processes as their most external zonations are not
the same (Fig. 3b, d; Supplementary Figs. 2–4). One year before
the eruption, these magmatic processes become more dynamic (as
the curve of the cumulative timescales is steeper than before;
Fig. 3d). In the andesite, reverse zonations (~80%) in the zoned
orthopyroxenes reflect heating processes26,27 or degassing54 and
normal zonations (~20%) reflect cooling processes15,17,26,27 or a
high water content in the melt54 (Fig. 2; Supplementary
Figs. 2–4). In the dacite, dominant normal zonations (93%)

Fig. 4 Pre-eruptive dynamics of the magmas in the timeframe given by the timescales modelled in zoned orthopyroxenes: crystal clocks mainly
starting 1.5 years before the eruption. a Magma plumbing system below Kizimen before the 2010 eruption. The architecture of the plumbing system of a
previous study was used41: a dacitic reservoir which has been intruded by a basaltic injection, possibly in 196322,25,41, with the lower part of the dacitic
reservoir becoming andesitic by hybridization with the mafic magma. During this hybridization, crystals of the dacite get mixed with the andesite (cores of
all orthopyroxenes are the same as the dacite) (Fig. 2; Supplementary Figs. 4, 5). Then, the most likely hypothesis to explain orthopyroxenes zonations in
the dacite and andesite is presented (see “Discussion”): b Magma mixing occurred 1.5 years before the eruption, at the contact between the dacite and the
andesite, exchanging orthopyroxenes from the dacite with the andesite (explaining the formations of reverse-zoned orthopyroxenes in the andesite by
increase of the temperature (T)). Orthopyroxenes crystals can also return in the dacitic magma, forming normal zonations, and get reincorporated in the
andesite before the eruption (forming multiple-zoned crystals). As a result of mixing of magma with colder areas in the dacite, the orthopyroxenes in the
dacite mainly record normal zonations. Not all the reservoir was affected by the mixing process as there is a majority of unzoned orthopyroxenes.
Seismicity is recorded during this period. c Magma mingling shortly prior eruption. The rate of crystal diffusion starting rates (progressive increase of
timescales from April 2009 to the eruption) and progressive increase of seismic moment and number of earthquakes are shown with the shading in the
arrows. The deeper part of the transcrustal system may be composed of mafic lenses. The dacitic and andesitic reservoir have the same mineral
assemblage: plagioclase, orthopyroxenes, amphiboles, Fe–Ti oxides and some resorbed olivines and quartz (T = 832 ± 37 °C and 850 ± 57 °C,
respectively).
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principally register cooling processes15,17,26 or a high water
content in the melt54 (Fig. 2; Supplementary Figs. 2–4).

To explain the reversed-zoned rims of the andesite, four
hypotheses can be evoked:

i. the injection of a mafic magma at the base of the reservoir,
1.5 years prior to the eruption. This mafic magma would
have been aphyric as no orthopyroxenes have a different En
core composition. But as no deep earthquakes (>11 km)
have preceded and accompanied the 2010 eruption, this
event is not likely to have been triggered by input of basic
magma from greater depth41, unless magma ascent
occurred through previous pathways, explaining the lack
of deep seismicity. But if the last mafic injection occurred in
1963, it is likely that fracturing of the rocks needs to happen
for the ascending magma, after ~50 years, generating
seismicity. No enclave of basaltic or basaltic andesite
compositions were found, unlike many of the earlier
eruption products where mafic recharge before the previous
eruptions have been inferred42,43. Furthermore, the melt
inclusions data are in equilibrium with their hosting
orthopyroxenes (Supplementary Fig. 9) and they are in
the same domain as the residual glasses (Supplementary
Fig. 10; Supplementary Note 6). The melt inclusions do not
show different CaO or Al2O3 values compared to the En
content compositions (Supplementary Fig. 10). So, either
the mafic magma only heated the andesite without mixing
with it (which is unlikely, with the chaotic nature of mixing
processes55–57), generating 30% of zoned orthopyroxenes or
it mixed in a part of the reservoir without reaching the
surface during the eruption.

ii. A convective event in the andesitic part of the reservoir,
zoned in temperature, between the walls and cores of the
reservoir, generating the reverse-zoned rims in the andesite.
However, this convective magma mixing process is unlikely
to occur without affecting the dacite, as only one reservoir,
or a reservoir with linked magma pockets, is more likely to
be present at Kizimen (depths of 5–11 km41; locations of
earthquakes and amphibole and orthopyroxenes composi-
tions), even if magma pockets can remain isolated.

iii. A partial mixing in the reservoir at the contact between
the andesitic and dacitic magmas, with crystal exchanges.
Some orthopyroxenes from the dacite could have migrated in
the hotter andesite, generating reverse zonations in the
orthopyroxenes (rims of En62–64) (Fig. 4b). In parallel, some
orthopyroxenes from the andesite could have been in contact
with the dacitic magma generating normal zonations (rims of
En55–61) (Fig. 4b). This mixing process only affected part of
the two magmas in contact, explaining that 70% of the
orthopyroxenes in the andesite and dacite are unzoned.

iv. Degassing processes in the andesite, with a decrease of the
water content in the melt, which favors Mg-rich orthopyr-
oxenes (producing reverse zoning)54. Indeed, series of H2O
fluid-saturated phase-equilibrium experiments showed that
the Fe2+-Mg exchange coefficient KD, between a rhyolitic
melt and minerals, such as orthopyroxenes, increases as a
function of dissolved water in the melt54. An increase of the
Mg# of the orthopyroxenes was observed when the H2O
content in the melt decreases, which means that Mg-rich
orthopyroxenes (reverse zoning) crystallizes at low water
contents whereas Fe-rich orthopyroxenes (normal zoning)
are favored at high water contents18,54. Normal-zoned
plagioclase (sodic rims) generally accompany reversely
zoned orthopyroxenes in the case of loss of H2O during
degassing54. However, plagioclase rims in the andesitic
bands of banded samples of the same eruption are of

different types but calcium-rich rims are mainly found
(reverse-zoned)41. Plagioclase in the andesites then need to
be studied, to see if normal-zoned plagioclase crystals are
dominant, alongside the reversely-zoned orthopyroxenes.
The mean variation of Fe2þ-MgKD from the cores to the
reverse-zoned rims of the orthopyroxenes, 4 Fe2þ-MgKD, of
the andesite was estimated at ~0.06 and was used to
estimate the variation in H2O content in the melt, from the
core of the orthopyroxene to the rim. Using an experi-
mental relationship18,54, this 4Fe2þ-MgKD corresponds to a
4H2Ocore�rim of ~0.7 wt% H2O, showing a decrease in
water content in the melt when the orthopyroxenes rims
formed (4H2Ocore�rim ¼ wt%H2Ocore � wt%H2Orim) (see
Supplementary Note 7). However, the initial H2O content
of the melt was not estimated, as the few melt inclusions
studied here were too small to be analysed with the
Secondary-ion mass spectrometry, so the initial dissolved
water composition is not known and cannot be compared
with the experiments, that studied the Fe2þ-MgKD variations as
a function of dissolved water in the melt (from 2.7 to 5.6 wt
%)54. Still, we calculated an estimate of the H2O content
(2.4 wt% H2O), using only one melt inclusion in a plagioclase
from the dacite (plagioclase/liquid thermometer58; and
hygrometer59 (Supplementary Note 6, 7 and Supplementary
Data 1). Provided that all these estimates are correct and
based on only one melt inclusion, the H2O content decreased
from 2.4 to 1.7 wt%, which is outside of the water contents
investigated in the experimental study54. We are then not
able to conclude on this hypothesis, due to the scarcity of our
melt inclusions data.

The hypothesis of magma mixing between the dacitic and
andesitic magmas is then more likely, given the points discussed
above. But if it explains the normal and reverse zonations in the
orthopyroxenes of the andesite, it does not explain the normal
zonations in the crystals of the dacite. The high viscosity of the
dacitic reservoir probably prevented the magma mixing of all the
dacite with the andesitic part of the reservoir41,60–66.

The normal zonations in the orthopyroxenes of the dacite can
be explained by cooling15,17,26,27 or a high water content in the
melt54. As only 30% of the orthopyroxenes in the dacite are zoned
and that normal zoning is dominant (93% of the zoned ortho-
pyroxenes; Supplementary Fig. 2), an increase in the H2O content
in the melt by differentiation could have led to the development
of normal zoning in the orthopyroxenes54. Some movements of
some orthopyroxenes of the dacite in colder areas in the dacitic
part (for example with the walls of the dacitic reservoir, which are
colder than the core), could also have led to the formation of the
normal zonations (Fig. 4b). 4Fe2þ-MgKD between the cores and
normal-zoned rims of the orthopyroxenes in the dacite is equal to
~−0.05, corresponding to a mean water content change of ~
−0.5 wt% H2O (see Supplementary Note 7). This means that
there was a water content increase in the melt from the core to the
rims of the orthopyroxenes (from 2.4 to ~3 wt% H2O), which is in
agreement with the experimental study, where normal zoning is
favored at higher water content in the melt54. However, in the
light bands of the banded samples, normal-zoned plagioclase are
dominant41, which is not coherent with the presence of normal-
zoned orthopyroxenes in the dacite, according to the experi-
mental study54. Further investigation of the plagioclase in the
dacite is then also needed. The hypothesis of some partial internal
mixing within the dacitic pocket with colder areas is then pre-
ferred to explain the normal zonations in the dacite (Fig. 4b).

A period of unrest then follows, while the magmas reach an
eruptible state41, with magma mixing processes still occurring, up
to the time of the eruption.
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Finally, magma mingling occurred between the andesitic and
the lower dacitic part, during ascent shortly prior to the eruption,
forming the banded andesites and dacites (Fig. 4c). Magma
mingling events between different magma types are also recog-
nized as very short events prior to an eruption, as shown com-
bining magma mixing experiments, numerical simulations and
statistical analysis before eruptions in the Campi Flegrei volcanic
system in Italy, where mixing processes can be of the order of a
few days to a few minutes57,67–69.

The eruption trigger could then correspond to the magma
mixing process beginning 1.5 years before the eruption and
increasing progressively until it reaches an eruptible state, with
the last magma mingling phase and then the eruption. Another
possibility for the eruption trigger could be a decompression of
the dacite, generating the last magma mingling phase leading to
the eruption. However, as no explosive products from the first
phases of the eruption were found, it is difficult to conclude on a
scenario for the eruption trigger.

CO2 flushing could also participate in triggering the eruption,
i.e. interaction between carbonic fluids and H2O-rich magmas
stored in the upper crust70. Due to fluid saturation and magma
ascent, release of carbonic fluids can occur, increasing the magma
volumes and generating overpressure that can destabilize the
magmatic system, leading to the eruption70. A way to test this
hypothesis is to study melt inclusions H2O and CO2 contents,
however, as said before, no H2O and CO2 content measures were
carried out in the samples, as the melt inclusions were too small
(only one melt inclusion in a plagioclase gave a water content of
2.4 wt% H2O; plagioclase/liquid thermometer58; and
hygrometer59) (Supplementary Note 6, 7 and Supplementary
Data 1). Data from the literature of the same eruption in the
banded lavas give H2O content between 5 and 5.7 wt% H2O in the
dacite and 4.9 and 5.6 wt% H2O in the andesite (amphibole
thermometers41,71,72) but no CO2 content have been measured.
From an older eruption, in 7550 14C BP, H2O content are of
0.5–3.5 wt% in melt inclusions in plagioclase and magnetite,
0.6–4.5 wt% H2O in amphiboles and 1.6–5 wt% in orthopyrox-
enes and CO2 of 62–9 260 ppm (with 2 over 46 above 4000
ppm)73. As data from another eruption is not relevant to study
the hypothesis of CO2 flushing, we are not able to conclude on
this hypothesis.

The distribution of timescales obtained on the orthopyroxenes
crystals can be correlated with the seismic activity (Fig. 3). For
this goal, we used the catalog of volcanic earthquakes produced
by the Kamchatkan Branch of Russian Geophysical Service. The
completeness magnitude for this catalog is difficult to estimate
and can be variable in time depending on the number of stations
and meteorological conditions. Therefore, instead of reporting the
number of recorded earthquakes (that is strongly sensitive to this
completeness magnitude), we use the cumulative seismic moment
that is dominated by strongest earthquakes (Fig. 3a–d). Also, this
quantity is closely related to the overall energy seismic release and
therefore has a physical relationship with ongoing processes
within a volcano. Because Kizimen remained quiescent for dec-
ades and is located far from other volcanoes, this catalog is
exclusively related to the 2010 eruption (and to the magma
recharge potentially in 1963 that did not lead to the
eruption41,74). Comparison of the timescales modelled with the
cumulative number of earthquakes is also shown (Supplementary
Fig. 11), with an increase of the number of timescales that record
magma mixing processes closer to the time of the eruption, even
if the number of earthquakes is increasing faster than the rate of
crystal clocks starting. This could be due to the increase of seismic
unrest near the time of the eruption, with a relatively lower rate of
magma mixing. An inflection of the cumulative seismic moment
and number of timescales can be evidenced, from ~January

2010–November 2010 (approximately one year before the erup-
tion; Fig. 3d; Supplementary Fig. 11). This inflection can corre-
spond to an intensification of the magma mixing processes
(between the dacite and the andesite). As this process becomes
more dynamic, the orthopyroxenes rims are formed more and
more rapidly.

80% of the modelled timescales cover the period between April
2009 and the onset of the eruption on 11 November 2010 and 60%
from January 2010 to November 2010 (Fig. 3b, d). This increase in
number of petrological timescales coincides with the onset of the
seismic crisis recorded ~1.5 years before the eruption22,41, with
earthquakes between ~3 and 13 km from April 2009 to January
2010 and then becoming more numerous and shallower from
January 2010 to the eruption (Fig. 3a, c and Supplementary Fig. 8).
This increase of the timescales is linked to magmatic reactivation,
as discussed before, with magma mixing at the contact between the
two magmas. Magma mixing probably generated an overpressure
in the reservoir at the origin of the seismicity recorded during the
same time period (Fig. 3a–d), April 2009–November 2010. As the
timescales are also more numerous 1 year before the eruption,
coinciding with the increase of the seismic moment around that
same time (January 2010; Fig. 3c, d), increase in the magma mixing
dynamics between the andesite and dacite could induce bubble
nucleation (and overpressure), leading to an increase in the
seismicity75. The cumulative number of timescales and cumulative
seismic moment are perfectly overlaid around April 2010
(8 months before the eruption; Fig. 3c, d), probably because of the
increase in the magmatic processes near the onset of the eruption.
Finally, the very short seismic and timescales signals close to the
eruption (in the order of hours to a few days; steeper curve in
Fig. 3c, d) can correspond to the magma mingling event, prior to
the eruption on 11 November 2010, as evidenced before several
explosive eruptions76.

We note that the apparent migration of the seismicity around
January 2010 becoming shallower (Fig. 3a, c), between −5 km to
+3 km is likely due to the modification of the software used for
the analysis of the earthquakes22. While this modification might
affect the number of detected small earthquakes its influence on
the cumulative seismic moment is negligible (Fig. 3b, d). Pro-
gressive ground deformation was also detected before the erup-
tion, from September 2008 to September 2010 (InSAR data)24.
These types of signals could be partly explained by the increase of
fluid pore pressure along the plane of the tectonic fault41 and be
related to magma mixing and movements13,14. The increase of
temperatures of the fumaroles measured in August 200947, are
compatible with the magmatic disruptive processes in the reser-
voir (Fig. 4).

The orthopyroxene chronometer is thus successfully used here
to determine the links between pre-eruptive magma dynamics in
the plumbing system and pre-eruptive monitoring data at the
surface for an eruption involving differentiated magmas. This
chronometer shows the reactivation of the magmatic feeding
system of Kizimen 1.5 years before the eruption, well correlated
with the monitoring signals recorded on the surface from April
2009 to the time of eruption. Most of the studies investigating
petrology and monitoring signals are carried out in mafic systems,
using olivines, such as Mt Etna (Italy)13,15, Kilauea (Hawai’i)77,
Eyjafjallajökull (Iceland)14, Piton de la Fournaise (La
Réunion)78,79, El Hierro (Canary Islands)2,80, and arc volcanoes
such as Shishaldin volcano (Alaska)16, Merapi (Indonesia)81

(using clinopyroxenes), Irazú (Costa Rica)82 or Llaima (Chile)83.
These studies obtained mixing-to-eruption or recharge events of
the order of a few days to months (3–11 months2,14–16,78,80,83,84)
to years before the eruption (1–2 yrs)13,77,81,82. Compared to
monitoring signals, it depends on the eruption, but overall, the
petrological timescales match well with seismic precursory
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activity months to days before the eruption2,16,78,80,83 or with the
GPS displacements14. The timescales obtained on arc volcanoes
such as Merapi or Irazú agree with the ones found on Kizimen (2
and 1.1 yrs in average, respectively), which are also consistent to
monitoring signals (seismicity, deformation)81,82.

To the best of our knowledge, only three studies have used the
orthopyroxene chronometer, but to investigate syn-eruptive
monitoring17,20,21. On Mount St-Helens correlations were made
with some eruptive phases during the 1980 eruption but no
correlation was made with seismicity before the beginning of the
eruption17. According to the diffusion timescales modelled,
timescales of the order of 1 year before the eruption in 1980 were
found17, without being correlated to the seismicity that began
2–3 months before the eruption. On Ruapehu (New Zealand)20 as
on Bezymianny (Kamchatka)21, the quasi-permanent high seis-
mic activity of these volcanoes makes it difficult to clearly cor-
relate timescales and seismicity, but magma perturbations
occurred months to years before eruption. One recent study has
used orthopyroxenes to decipher the processes and pre-eruptive
conditions that led to the 1990 Kelud basaltic andesite eruption
(Indonesia) and showed a relationship between the timescales
(pre-eruptive fluid accumulation a few weeks to months prior to
the eruption) and the change of hydroacoustics and water lake
temperature but the relationship with seismic swarms was more
diffuse18.

A comparison between the diffusion timescales found by the
previous studies coupling diffusion modelling with monitoring
signals with Kizimen ones modelled here is shown in Fig. 5.
Compilation of all the data on these studies correlating these two
types of information was done to reflect on other studies linking
petrological data and monitoring signals (Supplementary Data 5).
Kizimen timescales are in good agreement with other pre-
eruptive timescales modelled in basaltic andesitic or dacitic vol-
canoes, such as Ruapehu (1969 eruption), Bezymianny (2012
eruption), which is also in Kamchatka, Llaima (2008 eruption)
and the 2014 eruption of Piton de la Fournaise (basaltic) (Fig. 5;
Supplementary Data 5). The number of timescales modelled here
is high, compared to the other studies and the relationship with
the monitoring signals is well correlated (Fig. 5; Supplementary
Data 5). These eruptions are thought to have been preceded by
magma mixing or magmatic injections before the eruption, which
are the scenarios investigated here at Kizimen. These correlations
could have implications in terms of monitoring, with unrest
periods of more than a year that could lead to eruptions. This
long period of unrest has been observed for high silica systems
that have experienced long quiescent time where an eruption can
occur after a long alert period (from days to years)85.

More broadly, a contrast between pre-eruptive timescales
obtained on basaltic and silicic volcanoes can then be highlighted,
with short timescales obtained in mafic systems compared to
more evolved systems7. Indeed, magmatic perturbations prior to
eruptions emitting basalt or basanite are generally occurring from
days to months before the eruption (olivine
studies)13–16,50,51,77–80,86–92. For more evolved magmas (basaltic
andesite/andesitic/dacitic magma; on olivines, orthopyroxenes,
clinopyroxenes, plagioclase or apatites)18,20,21,28,93, timescales are
in the order of a few years21,81,82 to decades or more26,94–98, even
if some eruptions have shorter pre-eruptive timescales (~1 year).
For dacitic to rhyolitic magmas, using the same crystals as for the
previous systems but also quartz, timescales are between one year
to longer timescales, such as centuries17,26,29,49,97,99–106 and also
correspond to magma recharge or heating experienced by the
magmas. The timescales found for Kizimen 2010 eruption are
then in a rather young range compared to these systems.

To conclude, acquiring this type of petrological data on recent
and past eruptions on a given volcanic system is of great

importance. Petrological disturbances in a storage system are
synchronous with geophysical or geochemical signals followed by
monitoring institutions. The strong temporal correspondence
between timescales and monitoring data (seismicity, deforma-
tion…) that we found at Kizimen (magma mixing that occurred
in the reservoir 1.5 years before the eruption, correlated to the
onset of a seismic crisis), shows the possible application of this
approach on volcanoes whose past eruptions have not been
monitored but on which it is possible to estimate timescales by
petrology. It is often difficult, particularly on intermediate to
silicic volcanic systems, to determine when the first warning signs
are recorded and how long it will take before a possible eruption.
Moreover, if one can establish a systematics in the timescales for
several past eruptions, as it has been established at Montagne
Pelée, Martinique107, it can be applied more easily for a future
eruption. These results indicate that this type of data can be used
to estimate the timescales between the first precursory signals and
the beginning of an eruption in case of reactivation of a volcano.

Materials and methods
Sampling on the field: andesites, dacites, and banded samples. Samples were
collected in the pyroclastic deposits of the 2010–2013 eruption (Fig. 1a) during a
three-week field mission which took place in August 2019. Samples coordinates can
be found in Supplementary Table 1.

Sample preparation. The unaltered dacitic and andesitic samples were crushed
(up to 3 mm). One half was then crushed again into fine powder for whole rock
analysis while the other half was sieved into different size fractions (710–1000,
500–710, 355–500, 250–355, and 125–250 μm fractions). These fractions were
washed in ultrasonic bath and dried at 80 °C for 48 h. They were then observed
under the binocular microscope to select the fractions in which the crystals were
the more abundant and automorphic. Orthopyroxenes, plagioclase, magnetites,
and amphiboles were then handpicked under the binocular microscope in the
different size fractions. They were mounted in epoxy resin and polished up to
0.3 µm to the middle part of the crystals. Orthopyroxenes were oriented with c-axis
in a north-south direction as they have been used for intracrystalline diffusion
modelling20,26,28,97,108. Before scanning electron microscopy (SEM) or electron
microprobe micro-analysis (EPMA) investigations, selected mounts were all
carbon-coated97.

Textural observations: scanning electron microscope. Orthopyroxenes were
observed under scanning electron microscopes (SEM): Zeiss Supra 55VP (Sor-
bonne Université, Institut des Sciences de la Terre de Paris (ISTeP), Paris) and the
Carl Zeiss EVO MA10 SEM at the PARI platform at the Institut de physique du
globe de Paris (Université Paris Cité) using an acceleration voltage of 20 kV and a
beam current of 8 nA. An identification of possible chemical zonations in the
crystals (grey levels of different intensities) was possible in order to position the
rim-core profiles to be carried out with the electron microprobe for orthopyrox-
enes. Proportions of zoned/unzoned orthopyroxenes crystals were determined on
all the crystals mounted by looking closely at the SEM images.

High resolution backscattered electron (BSE) images (mag ×755) were taken for
diffusion modelling and intercalibration with chemical profiles of orthopyroxenes
with the same parameters mentioned above, a high integration line (N = 7, 7
integrations of each image line to reduce the impact of noise) and a dwell time per
pixel of 48 µs.

Melt inclusions in crystals and residual glass areas were also identified using
SEM images. Melt inclusions that were of sufficient size for electron microprobe
analysis (>6 µm), round in shape, suggesting the absence of crystallization after
trapping in the crystals and not containing bubbles (which could indicate
outgassing) were selected. The selected glasses areas had a size greater than 10 µm
and without microcrystallization.

Compositional analysis: whole rocks. Whole rock major‐element compositions
were analyzed by ICP‐OES at Centre de Recherches Pétrographiques et Géochi-
miques (CRPG) in Nancy109.

Compositional analysis: point measurements. Orthopyroxenes crystals were
analysed for major elements (Si, Al, Ca, Mg, Na, K, Ti, Fe, Mn, and P) by electron
microprobe micro-analyzers with an acceleration voltage of 15 kV, a beam current
of 10 nA and a focused beam of 2 µm (CAMECA SX-Five and SX-100; Service
Camparis, Paris). Counting time on peak and background was set at 10 s for all
elements, except for Fe and Mg with 80 s. The core to rim compositional profiles in
zoned orthopyroxenes had a 2 µm step and an average length of 100 µm (~4 h per
profile). Four points were measured across the unzoned crystals. They were
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acquired perpendicular to the long axes of the orthopyroxenes and away from the
corners to avoid three-dimensional effects such as growth29,97,108,110.

For compositional analyses in magnetite/ilmenite pairs to estimate the
temperatures, the counting time was set at 30 s for Fe, Ti, and Al and 10 s for the
other elements.

For the measurement of major and minor elements in the residual glasses and
melt inclusions of the samples, an acceleration voltage of 15 kV was used, with
counting times varying from 10 to 25 s depending on the element and a beam size
of 6–10 µm to avoid alkaline migration111–113.

Analytical errors on major and minor elements were calculated to be of 0.7 wt%
for Si, ~0.1 wt% for Na, Al, Ca, K, and Ti, 0.07 wt% for Ni, 0.29 wt% for Mg, 0.39 wt
% for Fe, 0.14 wt% for Mn, 0.04 wt% for Cr and P and 0.02 wt% for F and Cl (for
melt inclusions and residual glasses).

Timescales of magmatic processes. To investigate the changes in crystallization
conditions in time and date the magmatic processes, interdiffusion timescales were
modelled following the shapes of the concentration’s profiles in orthopyroxenes
and width of the diffusion zone between the plateaus. Using second Fick’s law, if
the initial conditions, boundary conditions, and diffusion coefficient of the ele-
ments are known, fitting of the profiles can be used to obtain the
timescales6,7,13,15,50. The diffusion coefficient depends on parameters such as
chemical composition (Xi; molar fraction of the mineral constituent element),
temperature (T in Kelvin), pressure (P in Pa), oxygen fugacity (fO2) and water

fugacity (fH2O)6,7. Studies have modelled the timescales on different types of
crystals (olivines, plagioclase, clinopyroxenes, orthopyroxenes, quartz…) using
different diffusion coefficients and modelling7. Some programs and softwares exist
to model timescales based on EPMA data, for example in olivines (Diffusion
Process Analysis; DIPRA114), or on BSE images in clinopyroxenes (on greyscale
data using the Non-Isothermal Diffusion Incremental Step model; NIDIS115) or in
orthopyroxenes28.

Modelling of the timescales associated to the zonations in the zoned crystals was
done by using the method developed in other studies92,108, using the
parametrization of the interdiffusion coefficient D of Fe and Mg elements in
orthopyroxenes116. The Fe-Mg interdiffusion profiles were modelled in one
dimension, across the c-axis, parallel to the b-axis of the crystals92,108. D depends
on the composition of the orthopyroxenes, temperature, pressure, oxygen fugacity
and water fugacity6,26. The interdiffusion coefficient we used here is formulated for
a temperature between 500 and 800 °C, an oxygen fugacity of IW + 0.8 log units
above the IW buffer (IW: Iron–Wüstite buffer) and XFe ~ 0.10–0.50116 (XFe is the
molar fraction of the ferrosilite component). The parametrization of D in our
model was done with a range of compositions of orthopyroxenes that includes
those of this study (En44–73; XFe = 0.23–0.53; Supplementary Fig. 4)116, the
temperature of the magmas are slightly above the range used in the parametrization
of D, which is extrapolated at our temperatures. In the experimental study of D we
used to model our timescales, an fO2 dependence similar to olivine with an
exponent of 1/6 was hypothesized116. This fO2 dependence has been incorporated
in the formulation of D in other works100,108 but this dependence has never been

Fig. 5 Database showing the comparison between diffusion timescales for studies correlating diffusion timescales and monitoring signals before or
during an eruption. Most of them involve olivines or pyroxenes (orthopyroxenes or clinopyroxenes). The range of timescales that can be modelled with
diffusion methods go from hours to centuries7 but here, they are mainly between months to a decade before the eruption. Studies with well-correlated
diffusion timescales and pre-eruptive seismic data are specified. Pre-eruptive timescales before the 2010 eruption of Kizimen studied here are shown (for
andesite (and) and dacite (dac); see arrows). The studies used for comparison are: Ruapehu (1969, 1971, 1977, 1995, and 1996)20; El Hierro
(2011–2012)2,80; Eyjafjallajökull (2010)14; Bezymianny (2006–2012)21; Etna (1991–1993; 2006)13,15; Piton de La Fournaise (2007; 2014–2015)78,79; Kelud
(1990)18, Llaima (2008)83; Shishaldin (1999)16; Mt St Helens (1980–1986)17; Kīlauea (1959)77; Merapi (2006; 2010)81; Irazú (1963–1965)82. Symbols
correspond to different minerals and the colors to different magma compositions. The symbol position represents the pre-eruptive timescales given by the
minerals (median of the dataset, when all data was available) and error bars correspond to the minimum and maximum timescale
modelled13–15,17,20,78,79,82,83. For some studies, not all the timescales modelled were provided in the articles (or only the timescales ranges were
provided)2,21,77,80,81 so the values taken were the minimum and maximum timescales given in Figures or in the text of these studies. The comparison
between these studies is summarized in Supplementary Data 5.
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verified experimentally for orthopyroxenes with En contents of our dataset117,118.
For En-rich orthopyroxenes of the mantle (En98 and En91), between 870 and
1100 °C and oxygen fugacity controlled (fO2 =10−11–10−7 Pa), an fO2 dependence
of an exponent between 0 and 1/20 was found to be appropriate from their data118.
The estimate for DFe–Mg used here116, when extrapolated to higher temperatures of
the study on En-rich orthopyroxenes without considering any fO2 dependence
appear to be consistent with their dataset118. The oxygen fugacity dependence on
Fe–Mg interdiffusion coefficient is still under discussion as incorporating it can
give longer timescales49 but no study has yet examined the appropriate En
compositions of the orthopyroxenes and appropriate oxygen fugacity ranges.
Therefore, the parametrization of the interdiffusion coefficient D used is the one
determined on orthopyroxenes compositions close from our dataset without an fO2

correction116, as done in previous studies26,97. D is defined as follows in Eq. (1)116:

logD ¼ �5:54þ 2:6XFe � 12530
T ð1Þ

The main assumption of the model is that the initial profile between two zones
follows a step function, which is modified by diffusion to form sigmoidal
concentration gradients119 (Supplementary Fig. 8). This steep profile becomes
broader with time, due to interdiffusion of the different elements. With the
eruption, the diffusion is stopped. Maximum timescales are then estimated119.

Profiles with smooth compositional variations of sigmoid shape were studied
and those displaying growth dominant profiles were not considered
(Supplementary Fig. 7; Supplementary Data 2). These profiles display linear trends
or curves and bumps on the profiles and are not consistent with a diffusion sigmoid
calculated for the given initial compositional contrast26 (Supplementary Fig. 7).
The Al and Ca gradients were compared to the Mg#, as Al and Ca diffuse slower
than Fe–Mg49,108,120,121 (Supplementary Fig. 7; Supplementary Data 2).

Diffusion timescales were modelled using a spreadsheet done by D. J. Morgan
(now published as a demo version for olivines92.

Examples of modelled profiles can be found in Supplementary Fig. 8 and best fit
profiles are shown for all modelled profiles in Supplementary Data 2.

Before using the diffusion model, an intercalibration was done between profiles
of greyscale values determined from BSE images of zoned orthopyroxenes using the
ImageJ software (https://imagej.nih.gov/ij/; version 1.52a) and with EPMA profiles
done at the microprobe in the same crystals. We followed the methodology
developed in two other studies92,108.

The grayscale profiles were done on high-resolution north–south oriented images
taken with SEM (spatial resolution of 755 nm), and were averaged over a certain width
to reduce the noise (between 20 and 50 µm, depending on the crystal rim size)26,97. The
Mg number is the parameter that seems to best control the grayscale of the images53,92.
Best fit diffusion profiles to the calibrated BSE/EPMA profiles were thenmodelled using
the model spreadsheet26,53,92,108 to obtain the timescales of interdiffusion. As the
diffusion coefficient used is composition-dependent, the shape of the curve of the profile
was determined by the degree of compositional contrast but the curve width is
dependent on time26,92. A database of simulated diffusion profiles obeying composition-
dependent diffusion under a 1D diffusion geometry was generated using a finite-
difference method26,53,92,108. As all 1D diffusion profiles are self-similar in time for any
specific compositional dependence, the curves are identical in their proportional
curvature for initial boundary conditions (such as T, fO2, anisotropy, and compositional
contrasts)92. Thus, if the boundary conditions and the initial condition are known for a
specific measured diffusion profile, the correct diffusion profile shape can be determined
from these simulated diffusion curves as the one with the same degree of compositional
contrast and asymmetry characteristics92. When the appropriate profile has been
identified in the database, a linear stretch is applied along the distance x-axis to fit the
data92. The spreadsheet measures the distance between the 20th and 80th percentile in
the measured profile and then scales the appropriate model curve by the correct n factor
before overlaying them (centred on the 50th percentile of both curves as a reference
point in the centre of the diffusion range)92,108.

The timescale corresponding to the zonation is then obtained, as the scaling
factor is an expression of crystal composition, the diffusivity used for the library of
the profiles, the diffusivity in the crystal and the ratio between the timescales of the
database and the timescale associated with the zoning in the crystal26 (with the
timescale of the crystal being solved as the only unknown)92,108.

It is possible to write that tsample is:

tsample ¼ n2Dmodel tmodel
Dsample

ð2Þ
Where n is the stretch factor92,108. The goodness of the fits is done by fitting the
profiles by eye26,97.

The determination of the temperature, the diffusion coefficient and its
measurement are the main sources of uncertainties6,119. Uncertainties on the
calibration of measurements and point spacing during EPMA analyses, as well as
the resolution of SEM images are also sources of uncertainties (pixel size,
uncertainty on grayscale values defining a plateau)97. Overall, the measurement of
the diffusion coefficient and temperature represent the main sources of uncertainty
and have a logarithmic effect on final calculated timescales6,26,53 (Fig. 2;
Supplementary Fig. 6). Here, a Monte Carlo simulation was used to estimate the
integrated time uncertainty from the different sources of uncertainty (on T, D0, Ea
and resolution of grayscales values of SEM images), giving asymmetric
uncertainties, with a larger error bar on the positive error and a smaller error bar
on the negative error26.

Estimation of earthquake magnitudes. The Kamchatka Branch of Russian
Geophysical Survey uses the following magnitude M scale in Eq. (3):

M ¼ log10U þ f ðtS-PÞ ð3Þ
With f(tS-P) expressed in Eq. (4):

f ðtS-PÞ ¼
1:42 log10ðtS-PÞ þ 0:72; tS-P < 7 s

2:44 log10ðtS-PÞ � 0:14; tS-P ≥ 7 s

�
ð4Þ

where U is the maximum S-wave ground velocity in micron/sec and tS-P is the
arrival time difference between S and P waves. The seismic moments M0 (in N m)
are approximately estimated from magnitudes based on the moment magnitude
equation in Eq. (5):

M0 ¼ 10ð1:5Mþ9:05Þ ð5Þ

Data availability
Geochemical data and all data used in this study are reported in Supplementary Data 1–5.
The seismic catalog used for the analysis is available from the website of the Kamchatka
Branch of the Geophysical Survey of Russian Academy of Sciences (http://sdis.emsd.ru/
info/earthquakes/catalogue.php). Supplementary Data are archived in Zenodo data
repository and are available online (https://doi.org/10.5281/zenodo.7307563).
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