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Abstract

Ebeko is one of the most active volcanoes of the Kurile island arc, producing frequent mild Vulcanian explosions with eruption
clouds up to 5 km high. The volcano poses a serious threat to the Severo-Kurilsk town with a population of around 2500
inhabitants, located at a distance of only 7 km on a fan of the volcano’s laharic deposits. Here, we report an overview of the
activity of the volcano in the 20th—21st centuries and the results of our geological and petrological investigations of the ongoing
Vulcanian eruption that started in 2016. We have found that eruptions of Ebeko span a range of mechanisms from purely
magmatic to phreatic/hydrothermal. Three of its historical eruptions (the 1934-1935, 1987—-1991, and the 2016—ongoing)
involved fresh magma, while during the others (1967-1971, 2009-2011) fresh magma was not erupted. Juvenile material of
the ongoing eruption represents highly crystalline and highly viscous (more than 10 pa s) low-silica (56-58 wt% SiO,) andesite.
Historical data and our observations of the ongoing eruption allowed us to suggest a functional model of the volcano where
Vulcanian explosions are caused by shallow intrusions of small diapir-like batches of strongly crystallized and highly viscous
andesitic magma ascending into water-saturated, hydrothermally altered rocks composing the volcano summit. We suggest that
the diapir’s ascent is governed by their positive buoyancy. Some of the diapirs reach and breach the ground surface producing
magmatic eruptions of Ebeko, while the others are stuck at the shallow subsurface level and feed intensive hydrothermal activity
as well as phreatic eruptions of the volcano. Positive buoyancy of the diapirs is too weak to allow them to extrude high above the
ground surface to form lava domes.

Keywords Kurileislands - Ebeko volcano - Historical erupions - Mechanism of Vulcanian explosions - Magmadiapir - Lavadome

Introduction

The Vulcanian style of volcanic eruptions was first distin-
guished by Mercalli and Silvestri (1891) who studied the
1888—1890 eruption of Vulcano in the Aeolian Islands. This
eruption produced magmas of dominantly intermediate com-
position, lasted 20 months, and consisted of numerous
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separate explosions (Vulcanian explosions) which followed
one another with various (although rather regular) intervals
lasting from minutes to hours. Vulcanian explosions repre-
sented short-lived events lasting only seconds to minutes that
produced dark-gray, ash-loaded eruption clouds up to several
kilometers high. These explosions also ejected relatively
dense ballistic fragments of fresh magma (volcanic bombs),
many of which had peculiar “bread crust” surfaces (outer
glassy rinds fractured due to syn-eruptive vesiculation and
expansion of the inner cores of the bombs).

Modern investigations have shown that Vulcanian-style
explosions can have various mechanisms ranging from purely
magmatic, where fragmentation of magma is caused by sud-
den decompression and violent degassing (Diller et al. 2006),
to phreatomagmatic where magma explosively interacts with
groundwater (Schmincke 1977, Druitt et al. 2002, Nemeth and
Kosic 2020). Details on the shifting mechanisms observed at
Vulcanian-type eruptions, with recurrent transitions from
magmatic to phreatic mechanisms and back to magmatic
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<« Fig. 6 Characteristics of ash fallout deposits of Vulcanian explosions of
Ebeko on July 13, 2019. a Grain size distributions of ash samples
collected during the ash fallouts at a distance 600 m from the crater,
explosion at 15:55 (Ebeko 1) and at 16:15 (Ebeko 2), July 13, 2019. b
SEM images of surface morphology of the ash particles

highly porphyritic (47-56 vol% crystals) 2-pyroxene andesite
containing plagioclase (29-39%), clinopyroxene (7-11%),
orthopyroxene (5-8%), oxide (2-3%), and rare olivine (<
1%). The hyalopilitic groundmass has light brownish color
and contains microlithes of plagioclase and pyroxene.

The whole rock composition of the bomb’s material was
determined by XRF analysis. Major elements of the bulk
rocks and matrix glasses are shown in Table 2, together with
published data on the Ebeko suite (Panin et al., 2015). Four
samples are low-silica andesites, and one sample is a basaltic
andesite (Fig. 8a). The rocks described by Panin et al. (2015)
have compositions from basaltic andesite to silica-rich andes-
ite with xenolithic material of basaltic composition.

Altogether, the samples belong to the high-K series (Gill
1981) and plot on the boundary between the tholeiitic and
calc-alkaline magmatic series (Miyashiro 1974). The relative-
ly mafic whole rock chemistry is in sharp contrast with the
matrix glass composition in all samples, which is exclusively
rhyolitic in composition (Fig. 8a). The glass composition
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Fig. 7 Macroscopic and microscopic textures from the recent eruption of
Ebeko volcano. a Fragmental pyroclastic domain (tuffisite) amalgamated
to a magmatic domain of highly porphyritic andesite. b Broad band of
tuffisite welded into a magmatic andesitic domain. ¢ Thin band of ash
(tuffisite) within a vesicular andesite, showing a shearing texture. d Thin

between individual samples (Fig. 8b—¢) shows limited varia-
tion with slight elevation in potassium content for some
samples.

Mineral composition, zoning patterns, and reaction
textures

We use high-resolution backscatter images (Fig. 9) as well as
stacked histograms (Fig. 10) to illustrate compositional varia-
tion and abundance of mineral phases which are subsequently
used to develop a petrogenetic model. The potential melt com-
position (whole rock, glass, and calculated compositions)
matches the observed range of phenocrysts chemistry
(Fig. 10a). We used mineral melt exchange coefficients and
outer error bounds for possible equilibrium of the respective
mineral phases from Putirka (2008). All mineral and glass
compositions are provided as Electronic Supplementary
Table 1.

Olivine occurs in all samples in small quantities (less than
1% modal amount) but still in sufficient quantities to get some
representative analytical results. Two textural types are distin-
guished: the first one occurs as olivine cores mantled by thick
orthopyroxene—spinel symplectites, showing characteristic
“fingerprint textures” olivine cores (Fig. 9a). These olivines
are always compositionally homogenous, and thick mantling

magmatic
domain

tuffisite

section image (PPL) of a fragmental domain (tuffisite) adjacent to a mag-
matic domain. e Close-up of d. f Backscatter image showing high-
resolution close-up of e with a magmatic domain in the upper part and
angular clasts in the lower part
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Fig. 8 a TAS diagram, for
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orthopyroxene prevents further re-equilibration with any sur-
rounding liquid phase. The second type (Fig. 9b) is also al-
ways mantled by orthopyroxene, but shows gradual diffusive
iron enrichment in the outer zones. Symplectitic reaction tex-
tures are not present in this type. The most mafic olivines
(Fog) are not in equilibrium with the whole rock composition.
Diffusive iron enrichment and subsequent reaction with a
silica saturated melt show that olivine is a relict phase in all
samples. Panin et al. (2015) describe rare olivine xenochrysts
from Ebeko volcano with high Mg# (Fogg—Fog;) and some

even with elevated Ni contents (~up to 0.3 wt%) suggesting
their origin in the sub-arc mantle.

The most mafic orthopyroxenes are associated with olivine
reaction textures (Fig. 9a, b). These crystals are usually more
magnesium rich at the contact with the olivine and, like the
latter, often show diffusive iron enrichment in their outer rims.
Composite orthopyroxene and clinopyroxene occur together
in all samples. They show a very large compositional range
and complex disequilibrium textures (Fig. 9c—f). A distinct
population of pyroxenes shows othopyroxene cores

@ Springer
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overgrown by one or even several magnesium-rich
clinopyroxene rims (Fig. 9c, d). Magnesium number distribu-
tion (Fig. 10a) clearly shows that in these aggregates,
orthopyroxene and clinopyroxene are related to distinct melts
respectively. In addition, orthopyroxene and clinopyroxene
occur as large (up to 2 mm) phenocrysts which can be
completely homogenous, simple or multiple normal or re-
versely zoned (Fig. 9e, f). A further group of orthopyroxene
is distinguished here as groundmass microphenocrysts (GM-
OPx <100 mm). These crystals are generally euhedral and
occur homogenously dispersed in large number throughout

@ Springer

4 Fig. 9 Textural characterization of pyrogenic minerals. a, b

Disequilibrium textures—olivine: small amounts (< 1%) of olivine
occur in all samples. They are found either as homogeneous cores of
symplectite aggregates associated with high An# plagioclase (a) or as
relict cores mantled by thick Mg-rich orthopyroxene rims (b). In the latter
case, olivine often shows diffusive gradients to more Fe-rich outer zones
(b). ¢, d Disequilibrium textures—pyroxene: a large number of
orthopyroxene and clinopyroxene phenocrysts show complex disequilib-
rium features. A particular common texture is the breakdown /overgrowth
of orthopyroxene by one (¢) or several distinct rims of clinopyroxene (d),
presumably during events of mafic recharge. e, f Phenocrysts—pyroxene:
orthopyroxene and clinopyroxene also occur as more simple phenocrysts
which can show either no zonation or reverse zonation (e). Reverse zo-
nation can be either diffuse (f—inner part of the crystal) or sharp (e—right
crystal, f—outer rim). Normal zonation in both pyroxene varieties is very
rare. g, h Phenocrysts—plagioclase: Plagioclase is the dominant pheno-
cryst phase in all samples, ubiquitously showing complex oscillatory
zoning patterns, often with cores showing resorption symplectite textures
(g, h). A snapshot of an incipient resorption reaction is preserved in the
rim of a phenocryst in (g). In smaller phenocrysts, normal zoning prevails.
i, j Groundmass microphenocrysts (< 100 pm) occur in large numbers,
evenly distributed within the groundmass. GM-Opx (i) can either be
unzoned (uz), diffusely reverse zoned (dz) or sharply reverse zoned
(sz). Plagioclase microphenocrysts are generally normal zoned (j).
Microlithes(M): Na-rich plagioclase microlithes (< 10 um) are also ubiqg-
uitous in all samples

the groundmass. They are either unzoned, diffusely reverse
zoned, or sharply reverse zoned (Fig. 9i). The majority of
these crystals have low magnesium numbers, but some show
high magnesium numbers, thus spanning the entire spectrum
of orthopyroxene composition. The majority of
orthopyroxene crystals (the large mode around Mg# 64-65)
has no observed equilibrium melt composition to match with
(Fig. 10). Hypothetical equilibrium can be achieved by either
incrementally adding ~2.5 wt% orthopyroxene back to the
groundmass glass composition, or by removing ~2.5 wt%
from the most silica-rich whole rock composition (sample
PR32 from Panin et al. 2015). Clinopyroxene does not occur
as a ubiquitous groundmass phase.

Plagioclase shows a wide variety of textures (Fig. 9g—h, j)
and also spans a large compositional range (Fig. 10). The most
anorthite-rich compositions are found in association with the
olivine symplectites, where olivine and orthopyroxene are oc-
casionally intergrown with plagioclase (Fig. 9a). The most
calcium-rich compositions (Ang;—Angys) are found adjacent
to the mafic mineral cores, and outer rims are generally more
sodic in composition. Like the olivine symplectites, these as-
sociated plagioclase crystals are considered a relict phase. The
majority of plagioclase feldspars show compositions between
Anys and Anys (Fig. 10b). This compositional variation is
often encompassed within a single crystal (Fig. 9g, h), with
some crystals showing one or several symplectitic zones of
resorption (Nakamura and Shimakita 1998) and subsequent
overgrowth. In addition to the complex oscillatory zoned phe-
nocryst population, we distinguish again groundmass
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gradually return to the background level, and the pre-eruption
unrest periods, when parameters of the surface manifestations
of the hydrothermal system of the volcano gradually start to
change (intensify) before the forthcoming eruption
(Menyailov et al. 1985).

Periods of pre-eruption unrest for the four relatively well-
observed eruptions of Ebeko have been 1-6 years long (Fig.
le, Table 1), when the temperature of fumaroles sometimes
increased up to 500 °C (Kalacheva et al. 2016). During some
of the observed periods of unrest, episodic steam/
hydrothermal explosions and voluminous outpourings of mol-
ten native sulfur were reported in the summit area of the vol-
cano (Fig. 1c). Active sulfur flow observed in 1963 was 0.5 m
wide and 5-10 cm thick (Sidorov 1966). Similar flow was
observed in 1965 (Skripko et al. 1966). Obviously, such large
volumes of sulfur could not be deposited from fumarolic gases
during the corresponding period of unrest. Such large volumes
of sulfur melt probably originate from ancient sulfur-bearing
deposits, possibly the deposits of ancient crater lakes that are
buried in the summit area of the volcano (Khramova 1987).
The ascending magma heats up the sulfur-bearing country
rocks, which causes melting and mobilization of the sulfur
(Vlasov 1958). Further increase of the temperature leads to
burning and sublimation of the buried pre-accumulated sulfur,
that in turn produces extensive clouds of suffocating sulfuric
gases reported during some of the pre-eruption periods, e.g., in
September 2005-May 2006 (Kotenko et al. 2007).

Vulcanian eruptions of Ebeko

Analysis of the published data as well as our observations in
2019 show that the character of Ebeko eruptions in 20th—21st
centuries was visually rather uniform. The volcanic activity
was purely explosive and consisted of series of frequent (with
intervals minutes-hours) short-lived moderately concentrated
(gray-dark gray) ash outbursts with ash clouds rising com-
monly up to 1 km high, and in rare cases up to 5 km high.
Some of the outbursts were more extended in time (represent-
ed sustained ash venting that lasted from minutes to several
hours). The dynamics and visual appearance of the ash out-
bursts at Ebeko in general fit the classic visual appearance of
Vulcanian-style explosions (Mercalli and Silvestri 1891), as
was first mentioned by Tanakadate (1936). Pyroclastic mate-
rial ejected by the visually similar Vulcanian outbursts during
the considered period of Ebeko activity, however, was not
uniform. Some of the outbursts undoubtedly ejected juvenile
material (in the form of bread-crust bombs). Such outbursts
prevailed during the second half of the ongoing eruption (from
2019 until now) and probably were common during the 1934—
1935 eruption. Less confident is the presence of juvenile ma-
terial during the final part of the 1987-1991 eruption. The
other eruptions of Ebeko (1967-1971 and 2009-2011)
consisted of Vulcanian outbursts that ejected only non-

@ Springer

juvenile material (fragmented country rocks represented by
hydrothermally altered old lavas and pyroclasts). Thus, during
about half of the observed eruptions of Ebeko, the juvenile
material was erupted, which means that andesitic magma
reached and breached the ground surface. During the other
half of the observed eruptions, no juvenile material was
erupted. However, the observed non-magmatic explosive ac-
tivity and the perturbations of the hydrothermal activity during
the preceding periods of unrest allow us to suggest that fresh
magma, although was not erupted, probably did ascend to the
shallow subsurface level.

Mechanisms of Vulcanian explosions were debated for a
long time (Morrisey and Mastin 2000). The main question is
as follows: Are they purely magmatic, phreatomagmatic or
phreatic? Since the work of Melekestsev et al. (1994), who
studied prehistoric ashes of Ebeko buried in soil, all eruptions
of this volcano have been commonly described as phreatic
and/or phreatomagmatic. Such interpretation was based on
old outdated views that juvenile material in volcanic ashes
of magmatic eruptions must be represented by glass particles
having fluidal morphologies whereas glass particles with
blocky morphologies as well as highly crystalline particles
are the products of phreatic eruptions. Nowadays, however,
it has long been established (Heiken and Wohletz 1985) that
morphologies of juvenile particles of magmatic eruptions
strongly depend on the viscosity and crystallinity of the
erupting magma, and eruptions of andesitic magmas, like
those erupted by Ebeko, commonly produce blocky, highly
crystalline particles (Clarke et al. 2015).

Our data on the dynamics and the eruption products of the
recent eruption of Ebeko clearly demonstrate that this erup-
tion, as well as probably half of the previous historical erup-
tions of this volcano, has magmatic mechanisms (associated
with violent unsteady degassing of magma) and the other half,
phreatomagmatic and phreatic/hydrothermal mechanisms (as-
sociated with violent boiling of shallow groundwater and/or
hydrothermal fluids). Because in most cases the ejected
pyroclaststic material was not thoroughly studied, it is no lon-
ger possible to determine which of the past explosions of
Ebeko were of phreatomagmatic origin.

The activity of Ebeko was analyzed during the considered
period. A summary of its peculiarities is as follows:

1. Very low precursory seismicity. However, this can be, at
least in part, just an artifact. The only seismic station at
Ebeko is located in the Severo-Kuril’sk with a high level
of ambient anthropogenic noise that does not allow de-
tecting the weak volcanic earthquakes. Some of Ebeko’s
eruptions (e.g., 1934-1935) were preceded and accompa-
nied by felt earthquakes (Tanakadate 1936). The high rate
of recurrence of these earthquakes allows suggesting that
at least some of them might be of volcanic origin (not
tectonic).
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2. Long durations (extended style) of the eruptions and long
periods of the pre-eruption unrest. This is probably con-
nected with slow ascent/discharge rate of magma due to
its high viscosity.

3. Shifting mechanisms of the eruptions with recurrent tran-
sitions from magmatic to phreatic mechanisms and back
to magmatic episodes.

4. Overall low explosivity of the eruptions, including the
absence of plinian eruptions in the eruption history.

5. Few lava domes/flows in the eruptive history.

6. Lack of main edifice and migrations of the craters, possi-
bly associated with an unstable feeding system.

7. Strong hydrothermal activity in the summit area.

8. Large volumes of native sulfur as well as sulfuric gases
emitted during periods of the pre-eruption unrest

To explain the above peculiarities of Ebeko’s activity and
its geological structure, we suggest a functional model of the
volcano and the new “fishing float mechanism” of Vulcanian
eruptions.

Functional model of Ebeko volcano
Magma feeding system: slowly ascending chains of diapirs

On Earth, there are many andesitic volcanoes, which demon-
strate nearly continuous long-term Vulcanian eruptions of
mild intensity that occur from vents with rather stable position
at the ground surface. Such eruptions gradually build large
symmetric volcanic cones composed of lava flows and
pyroclasts with a vent/crater having fixed/constant position
on the cone’s summit. The examples include volcanoes
Karymsky (Kamchatka, Russia), Semeru (Java, Indonesia),
Tungurahua (Equador), Colima and Popocatepetl (Mexico).
It is plausible to suggest that the feeding system of such vol-
canoes consists of a simple, vertical pipe-like conduit that
connects the magma source and the vent. The conduit is con-
tinuously active (filled with the ascending magma melt), and
magma does not solidify.

Such a model of a feeding system obviously cannot be
applied to Ebeko where the eruption vent has no fixed posi-
tion. As a result Ebeko has no well-defined cone: its several
small monogenetic edifices and craters are scattered along the
faulted ridge crest.

Surface migrations of vents/craters as well as long repose
periods of Ebeko allow suggesting that magma of this volcano
probably ascends to the surface, not through a stable conduit
and not through the newly formed fissures/dikes, because few
eruption fissures were reported at the volcano and magma of
Ebeko is obviously too viscous (Table 2) to be squeezed
through the narrow fissures to form dikes. Nevertheless, it
may be assumed that ascent pathways are controlled by the
preferred alignment along the Vernadsky ridge and at depth

magma possibly forms elongated blob-like bodies or even
thick dikes. Also reversely: as Ebeko has no defined cone, it
cannot establish a fixed magma pathway (Maccaferri et al.
2019).

Highly crystalline, highly viscous magma that feeds erup-
tions of Ebeko probably ascends from the shallow (5-10 km)
mush column terminus as a vertical chain of relatively small
isolated magma diapirs following one another (like a sausage
string) (Fig. 12). The size/volume of one diapir is equal to the
volume of magma erupted during one magmatic eruption: the
only estimation of the erupted volume of magma was made
for the 1934-1935 eruption period, it was evaluated as about
10° t (Tanakadate 1936) that comprises by volume about 3 x
10* km®. This is the volume of spherical diapir with the
radius of about 40 m. The real diapir probably has strongly
elongated shape, thus its diameter should be less than 40 m.
The diapirs probably form and ascend by the mechanisms
similar to those of salt diapirs: many mechanisms were sug-
gested including buoyancy (Lord 2015). Formation of such
magma diapirs and diapir strings, ascending from peripheral
parts of magma chambers, seems rather common: flank domes
of volcanoes Bezymianny, Shiveluch, Avacha at Kamchatka
(Russia) were probably formed by such diapirs. The diapirs
ascend slowly, through water-saturated, fractured/fragmented
hydrothermally altered country rocks, preferably along faults.
The slowly ascending diapirs produce no intensive seismicity
and weak ground deformations.

Pre-eruption unrest and superficial diapir ascent

While the diapirs slowly ascend, their magma gradually
vesiculates/degasses, cools, and crystallizes, and the exsolved
volatiles and thermal energy leek into the country rocks sur-
rounding each diapir, where an aureole with anomalous pa-
rameters (elevated temperature, pore pressure, gas/water com-
position, etc.) forms. When the first magma diapir of the “sau-
sage string” approaches the shallow subsurface level
(Fig. 12a), its aureole with anomalous properties reaches the
ground surface in the area above the magma diapir. At this
moment, a period of pre-eruption unrest starts: the temperature
of fumaroles and thermal springs increases and their compo-
sitions change. Also in few cases, surface deformations occur
and fractures open (Tanakadate 1936, Kotenko et al. 2007).
The elevated temperature may cause melting of native sulfur
dispersed in some of the country rocks surrounding the rising
magma diapir (e.g., in the lenses of buried sulfur-bearing de-
posits of paleocrater lakes). This sulfur pours out into the
ground surface and burns, producing extensive clouds of sul-
furic gases, which commonly precede and accompany erup-
tions of Ebeko.

Then, at some threshold, the perturbation/activation of the
shallow hydrothermal system leads to initiation of phreatic/
hydrothermal explosions in the area above the diapir. Vents
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(explosive funnels) of these explosions open in a wide area
above the shallow-laying magma diapir. The exact vent loca-
tions are probably linked to the existing pathways of migra-
tions of the hydrothermal fluids (e.g., fractured zones and
diatreme-like structures of the previous eruptions). These
phreatic/hydrothermal explosions tend to occur in the lower-
most points/depressions of the summit area (former craters,
which are located at the shortest distance from the magma
diapir laying below).

Explosive activity of each magmatic eruption evolves with
time from initial phreatic/hydrothermal explosions (during the
period of unrest) to phreatomagmatic and then to magmatic.
When the magma diapir reaches very shallow levels (at
Ebeko, the depth is ~ 100 m), at first, the hydrothermal and
phreatic explosions commence (due to heating and distur-
bance of the shallow geothermal system), which eject
fragmented old country rocks, then phreatomagmatic explo-
sions commence that eject both fresh fragmented magma and
fragmented country rocks. These initial explosions gradually
excavate a new crater down to the level of groundwater/
magma interaction: this is why the craters of Ebeko are
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maar-like, about 100 m deep, carved into pre-existing rocks
with steep inner walls shaped by inward landslides (Auer et al.
2007). At some point, the shallow aquifer is depleted/
exhausted, phreatomagmatic explosions cease, magma
reaches and breaches the bottom of the new crater, and a
magmatic stage of the eruption starts (Fig. 12b).

Arrival of the first magma diapir of the diapir chain at the
surface marks the onset of a new series of Vulcanian magmat-
ic explosions composing (together with the accompanying
phreatic and phreatomagmatic Vulcanian explosions) one
magmatic eruption of Ebeko (Fig. 12b). Arrival of the next
magma diapir to the ground surface marks the onset of the
next magmatic eruption. Magma diapirs in the rising string
of diapirs are not necessary axially symmetric, but may have
some offsets from the chain axis (these offsets probably form
when the diapirs ascend through the shallow faulted crust
having a complex, chaotic structure). This is the reason why
active craters of Ebeko slightly change their positions from
eruption to eruption and overlap at the surface. A large NNE-
trending structural trend that goes along the crest of
Vernadsky Ridge probably controls both the shape and
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position of the small shallow crustal magma chamber/mush
column of Ebeko (the shape of which probably resembles a
thick NNE-trending dike), as well as the ascending path of the
magma diapirs (this is why the chain of Ebeko’s craters is also
aligned NNE). Similar feeding systems may be common for
other small-volume volcanoes composed of multiple, widely
scattered eruptive centers of intermediate composition as ob-
served at Dukono in Halmahera, Indonesia (Bani et al. 2018);
the Chaine des Puys, France (Miallier et al. 2004); Mount
Usu, Japan (Goto et al. 2004); and Tongariro, New Zealand
(Pardo et al. 2014).

Magma diapir breaching the ground surface boundary

“Fishing float” mechanism of a lava dome formation and the
associated Vulcanian eruptions Why no new lava domes and
lava flows form at Ebeko, and why few lava flows and only
small domes have been formed throughout its eruptive
history?

During the second (magmatic) part of the ongoing eruption
of Ebeko, we have observed a nearly precise balance/
equilibrium between the volume of magma that extrudes at
the ground surface and the volume that is fragmented by
Vulcanian explosions and carried away in the form of
pyroclasts of various sizes. This balance lasts already more
than 1 year, since magma reached the ground surface, and
no significant morphological changes occur in the crater: no
intracrater lava dome formation as well as no notable deepen-
ing of the crater floor.

The main driving force for the magma diapir ascent is
probably its positive buoyancy, which is rather small in the
case of Ebeko because the magma/country rock density con-
trast is not high. Thus, when the magma diapir breaches the
ground surface, it can form a subaerial dome whose height is
related to its positive buoyancy and thus its weight in the air.
This is similar to what happens with a half-submerged fishing
float. Further ascent/extrusion of magma becomes possible
only if some weight of the subaerial part of the growing dome
will be removed. Currently, at Ebeko, such removal occurs by
means of Vulcanian explosive activity.

Vulcanian explosive activity is caused by violent degassing
of magma due to its decompression facilitated by reduction of
the litho/hydrostatic pressure when the diapir breaches the
ground surface. Thus, a positive feedback loop appears: each
Vulcanian explosion removes part of the dome/diapir materi-
al, which reduces its weight and allows the diapir to extrude
one step higher (again only to the level where its weight will
equalize its positive buoyancy), the corresponding reduction
of lithostatic pressure provokes further explosive activity that
in turn reduces the weight of the exposed part of the magma
diapir/dome and so on. Thus, explosive activity steadily con-
tinues until the whole volume of the diapir’s magma is erupted

and dispersed by the accompanying explosive Vulcanian
activity.

Then some hiatus in the magmatic explosive activity starts
until the moment when the next/following from below diapir
reaches the shallow level and the process repeats itself (at
Ebeko, we call this a new magmatic eruption). If magma of
the rising diapir is too degassed and crystallized (due to, e.g.,
too long time of the diapir ascent) and not able to produce
vulcanian explosive activity, the diapir will be extruded up-
ward to a small height necessary to balance its positive buoy-
ancy and then it will stall/stuck near the ground level.
Reduction of the height of the extruding diapir can also occur
in the form of a lava flow, but only if the viscosity of the
extruding magma will allow it to flow out.

Such as magma diapirs ascend slowly at Ebeko, they arrive to
the ground surface as strongly degassed and very viscous magma
bodies. It explains why lava flows and strong explosive Plinian
eruptions do not occur at Ebeko. The cooling and degassing of
the diapirs stuck at shallow depths explain the overall high hy-
drothermal activity in the summit area of the volcano.

Future eruptions of Ebeko

During its eruptive history, Ebeko produced only small-
volume eruptions, and thus, a large-volume future eruption
of this volcano is of low probability. Eruptions of Ebeko for
the last 100 years demonstrate very uniform eruption
scenarios, and future eruptions of Ebeko probably will
repeat, in general, the currently observed activity. Different
scenarios are possible if the next rising magma diapir will
reach the surface in less degassed and/or less viscous state.
In this case, the future eruption can be more explosive than
usual and/or can produce block lava flow, as happened last
time according to Melekestsev et al. (1994) about 2000 years
ago.

Because Ebeko has no prominent volcanic edifice, a large-
volume gravitational flank collapse is of low probability.
However, shallow-sitting collapses of superficial hydrother-
mally altered rocks are highly probable at its upper slopes.
Such relatively small collapse can be triggered by shallow
subsurface emplacement of a magma diapir. In this case, even
a low-volume debris avalanche and/or the associated lahars
can easily reach the town of Severo-Kurilsk. Even a small
collapse can provoke intensification of explosive activity of
the volcano with formation of various PDCs, which also can
potentially reach the town. Lahars, caused by the eruptions,
especially in winter time, are also of high probability.

Predictions of future eruptions of Ebeko are possible if
modern monitoring equipment for seismicity and ground de-
formations of the crater area of the volcano will be installed.
Monitoring of the volcano activity, gas/water geochemistry,
and temperature fluctuations in the crater area are very useful
and should be continued.
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Conclusions

Vulcanian explosions of Ebeko (as well as Vulcanian explosions
in general), although visually very similar to each other, have
diverse mechanisms ranging from purely magmatic to
phreatomagmatic, and to phreatic/hydrothermal. Ebeko is a rela-
tively easily accessible volcano producing frequent explosions—it
is an ideal volcano to study mechanisms of Vulcanian eruptions.

We suggest that Vulcanian eruptions of Ebeko are fed by
relatively small diapirs of andesitic magma that slowly ascend
through the upper crust. Such feeding systems may be com-
mon for volcanic complexes composed of multiple, widely
scattered small-volume eruptive centers of intermediate com-
position, e.g., Dukono in Halmahera, Indonesia (Bani et al.
2018); Tongariro in New Zealand (Pardo et al. 2014); or
Chaine des Puys, France (Miallier et al. 2004). Future studies
would be needed to substantiate the diapir hypothesis.

The hydrothermal system of Ebeko, despite its apparent
vigor, is superficial, has a small volume, and probably is not
linked to a deep source of heat. Thus, it cannot be used as a
source of high-enthalpy steam to feed a power plant.

The town Severo-Kurilsk is located in a dangerous place; it
can be engulfed by various types of lahars and PDCs gener-
ated by future eruptions of Ebeko. A plan for relocation of the
town and construction of lahar-caching “Sabo dam” structure
as well as installation of modern volcano-monitoring and
lahar-warning systems is urgently necessary.
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