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Abstract

Pyroclastic density currents (PDCs) are a major volcanic hazard, whose variability of triggering and deposition mechanisms
suggests highly complex and different initial states to be considered. Here, we describe block and ash flow deposits from the
March 2019 eruption of Bezymianny volcano, Kamchatka. Ash clouds from this eruption extended into the Pacific Ocean,
while block and ash flow deposits were found widely across the slopes of the edifice. We use satellite and drone-based
photogrammetry to show material dispersal and accumulation during the eruption. We also use these photogrammetric data
to obtain basic granulometry, suggesting dominantly 60 cm block dimensions, some exceeding 2 m in scale, embedded in
a fine ash matrix. In addition, we sampled the deposit and herein demonstrate how distinct petrographical features can be
used to distinguish the type of block and ash flow. Deposit characteristics, density, dimension, and petrography suggest that
PDC initiation occurred during an eruptive episode conventionally considered as a “boiling over” event. This activity is
characterized by rapid magma volume expansion due to intense gas exsolution which is driving a frothed mass out of the
vent leading to the formation of large but highly vesicular juvenile blocks. Such an eruption style is transitional between
effusive (lava dome forming) and explosive activity, and we suggest a new term “effervescent fountaining” to replace the
term “boiling over” as a more appropriate description of such an eruption. Material dispersal, density of juvenile material,
and Fe-Ti mineralogy are useful features to distinguish different types of block and ash flow deposits. These characteristics
are also applicable to deposits from eruptions and deposits within the prehistoric geological record, improving our under-
standing of historic eruption patterns.
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Introduction

The majority of volcanic eruption styles is named after a
volcano where a specific eruption type is common (Walker
1973). However, a single specific eruption style is not nec-
essarily tied to any individual volcano (Bevilacqua et al.
2020), and many volcanoes exhibit varying magnitudes
and eruption styles over short timeframes (Ruprecht et al.
2012; Auer et al. 2016; Boudon and Balcone-Boissard
2021). A notable exception is so called “boiling over”
eruptions, a term that, despite being an obvious misno-
mer, has been kept in the volcanological literature for
more than 150 years, not only as a vivid description of the
activity around the active vent but also as a key initiation
mechanism for pyroclastic density currents (PDCs) (Dufek
et al. 2015). Pyroclastic density currents are fast-moving,
ground-hugging flows of particulate-fluid mixtures that

Directed Blast / Lateral Blast
Lava dome explosions

Dome collapse

Fountain or
continuous
column

collapse

Boiling Over
Vent upwelling

travel down the slopes of a volcano. They are driven by
gravity and can reach speeds of over 100 km/h and tem-
peratures of several hundred degrees Celsius (Sulpizio
et al. 2014). Transportation and depositional mechanisms
of PDCs are usually deduced from deposit characteristics
(Branney et al. 2002), computational modelling (Dufek
2016), and analog experiments (Lube et al. 2015, 2019;
Walding 2022).

Several mechanisms (Fig. 1) are considered for the ini-
tiation of pyroclastic density currents (Dufek et al. 2015):
Lateral blasts (Fig. 1a) result from laterally (sometimes ver-
tically) directed explosive decompression of lava domes and
shallow cryptodomes (Belousov et al. 2007). The resultant
dilute and turbulent PDCs do usually not produce large vol-
ume deposits (0.2-0.4 km® in case of Bezymianny 1956);
the maximum grain size is small compared to block and ash
flow deposits (see below), and the overall grain size distribu-
tion is more restricted. In lateral blasts, inertial forces will

PDC initiation

- explosive initiation (e.g. decompression

a due to edifice failure or superficial lava
dome explosion

b
- gravitational failure of the lava dome
structure or lava flow lobes

Cc
- gravitational collapse of an initially
buoyant plume / ballistic ejection /
fountain collapse

d

- low fountaining / vent upwelling +
gravitational failure ?

Fig. 1 Initiation mechanisms for pyroclastic density currents, modified after Dufek et al. (2015)
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initially dominate over gravitational forces and can therefore
inundate large areas relatively unconstrained by topography
and present a substantial hazard usually for a specific sector
around the volcano (Crandell and Hoblitt 1986; Belousov
1996). Dilute pyroclastic density currents also form during
directed superficial explosions of growing lava domes, espe-
cially during the early stages of dome-forming eruptions.
Such events are similar to directed blasts and marked, for
example, the beginning of the 1902 eruption of Montagne
Pelée, Martinique (Boudon and Lajoie 1989; Boudon et al.
1990, 2015).

Gravitational collapses of growing lava domes (Fig. 1b)
can generate pyroclastic density currents (Calder et al.
2015). During the last 40 years, they have been studied in
great detail at several active volcanoes around the world (Ui
et al. 1999; Charbonnier and Gertisser 2008; Krippner et al.
2018; Nakada et al. 2019). The resulting pyroclastic den-
sity currents are typically block and ash flows (BAF). This
term has become synonymous with lava dome eruptions,
and Calder et al. (2015) even define block and ash flows as
“the deposits of pyroclastic density currents generated by
lava dome collapse.” However, their review subsequently
states that block and ash flows are also formed during inter-
mittent explosive episodes. Since the term “BAF” is purely
descriptive, usually referring to the pronounced bimodal
grain size distribution of the deposits (Sarocchi et al. 2011),
it can be misleading to tie the definition of the term solely
to lava dome collapse events, and while most dome collapse
processes will produce BAF deposits, not all BAF deposits
result from dome collapse processes) as will be discussed
in this work.

Eruption column collapse and fountaining (fountain col-
lapse) are considered other fundamental processes during
which pyroclastic density currents initiate. The simplified
model by Dufek et al. (2015) shown in Fig. Ic is subdi-
vided by several authors into different subcategories (Cas
and Wright 1987), of which the most important ones are
discrete single pulse collapse (producing a highly unsteady
current) and continuous sustained fountaining (producing
quasi steady currents) (Branney et al. 2002). While sin-
gle pulse collapse is often associated with Vulcanian style
activity (Cole et al. 2002; Druitt et al. 2002), continuous
sustained fountaining originates directly from the interior
parts of gas-thrust jets, where part of the particulate disper-
sion loses momentum, fails to become buoyant, and follows
fountain-like trajectories to the ground (Sparks et al. 1997;
Branney et al. 2002). Further subdivision and classification
of PDC deposits from eruption column collapse have been
attempted depending on the size and style of the eruption
(Giordano and Cas 2021) and the source and initiation of
the current (Cole et al. 2002).

Another mechanism usually considered for the initiation
of pyroclastic density current is called “boiling over type”

(Fig. 1d). This type has intermediate energy between lava
dome failure and column collapse (Dufek et al. 2015) and
occurs when frothed magma either fountains over the cra-
ter rim without forming a convective plume or reaches (and
breaches) the crater rim as a frothed gas pyroclast mass within
the open vent.

The term was introduced during a report on a historical
eruption of Cotopaxi volcano in 1877 in reference to the
description of such an event as a “boiling over pot of rice that
overwhelmed the crater walls on all sides” (Wolf 1878). The
historical account by Wolf (1878) describes the event as a
“lava eruption” but it is evident that the transport mechanism
is that of a density current as “glowing liquid lava cascaded
down the slopes of the mountain with tremendous velocity” (a
full translation of the “boiling over” event at Cotopaxi (Wolf
1878) can be found as Electronic Supplement S1). Boiling
over type eruptions have further been observed at Mt. St.
Helens (Lipman and Mullineaux 1981) and the most up-to-
date direct observation, including a detailed characterization
of the deposit, comes from the 2006 Tungurahua eruption
(Benage et al. 2014; Dufek et al. 2015; Rader et al. 2015). We
notice that the term “boil over” has also been used as a model
explanation for the eruption of extensive ignimbrite deposits
(e.g., Cerro Galan) lacking substantial Plinian Fall layers due
to reduced admixing of air and de-densification (Sparks et al.
1978, 1985; Branney et al. 2002). Such Ultraplinian eruptions
are not further considered here.

Here, we describe depositional and petrographic charac-
teristics of PDC deposits formed during an eruptive episode
at Bezymianny volcano (Kamchatka) in March 2019. This
volcano has shown a large range of eruptive styles ranging
from lava flows, dome forming episodes, sub-Plinian to Plin-
ian eruptions, and cryptodome intrusion, including a sector
collapse event in 1956 (Shevchenko et al. 2020). While there
is no direct observational account of the March 2019 event,
we use field observations, satellite, and unmanned aerial
vehicle (UAV) data to characterize the deposits. In addi-
tion, we use deposit characteristics and compare petrography
and textures of the products with those from the currently
active lava dome. These data are used to interpret the erup-
tion mechanism of the event (i.e., effusive vs. explosive)
and suggest possible PDC initiation mechanisms (i.e., dome
collapse vs. “boiling over”). Lava domes are often ephem-
eral geological features, and we also discuss how different
types of block and ash flow deposits can be recognized and
distinguished in the geological record.

Geological background
Bezymianny (2886 m above sea level) is an andesitic, dome-

building composite volcano that is part of the Klyuchevs-
koy volcanic group in the Central Kamchatka Depression
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(Bogoyavlenskaya et al. 1991; Shevchenko et al. 2020).
Between 2.4-1.7 ka and 1.35-1 ka BP, major eruptive activ-
ity occurred at Bezymianny (Braitseva et al. 1991). The pre-
historic eruptive activity formed lava flows, lava domes, and
extensive pyroclastic density current deposits, with magma
compositions ranging from basalt to andesite, and volcanic
activity preceded by long phases of dormancy (Bogoyavlen-
skaya et al. 1991; Braitseva et al. 1991; Turner et al. 2013).
The last repose period was from 1000 years BP to 1955 AD
(Braitseva et al. 1991; Turner et al. 2013). On 22 October
1955, the first historical eruption of Bezymianny occurred,
which ended almost 1000 years of dormancy. A collapse of
the southeastern flank of the volcano, due to the intrusion of
magma (cryptodome) in its eastern flank, generated a debris
avalanche immediately followed by a laterally directed blast
on 30 March 1956 (Gorshkov 1959; Belousov 1996; Martel
et al. 2025; Ostorero et al. 2025). The 1955-1956 eruption
was immediately followed by the quasi-continuous growth
of lava domes, with extrusive-explosive behavior, until 1976.
From 1977 to the present, extrusive-explosive and effusive
periods followed, with phases of more or less extrusion
and phases of destruction by lava dome collapse, generat-
ing ash clouds and many PDCs; generating block-and-ash
flow deposits were often followed by effusions of lava flows
(Alidibirov et al. 1990; Turner et al. 2013). These short-lived
strong Vulcanian explosive eruptions occurred from the
lava dome summit once or twice a year, with ash plumes to
heights of 8—15 km (a.s.1l.), and with PDCs extending about
12-13 km away from the lava dome (Belousov et al. 2002;
Turner et al. 2013). Only a few eruptions during the 1980s
and 1990s were characterized by effusive activity or lava
flows prior to explosions (Belousov et al. 2002; Mania et al.
2019). This style continued until late 2012, and the volcano
remained dormant between September 2012 and December
2016. This short period of dormancy ended with the onset
of an effusive eruption with lava dome growth (December
2016) and two strong explosive eruptions in March and June
2017 (Mania et al. 2019; Coppola et al. 2021). Thereafter,
Bezymianny returned to short explosive eruptions approxi-
mately once a year until present, the one in March 2019
being the subject of this study (Davydova et al. 2024).

The explosive eruption in march 2019

This research describes the events and deposits of the explo-
sive eruption on 15 March 2019. The last eruption preceding
this event took place on 20 January 2019. This previous
eruption started with an explosive phase producing an ash
cloud that reached an altitude of 7-9 km, followed by an
effusive episode that produced lava flows on the northwest-
ern slope of the lava dome. A detailed account of obser-
vational, geophysical, and monitoring data of the volcano
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related to the March 2019 eruption is given by Girina et al.
(2020) and is briefly summarized here:

From February 2019, a thermal anomaly as well as hot
avalanches were observed from the crater leading to an avia-
tion warning by the Kamchatka Volcanic Eruption Response
Team (KVERT). Hot avalanches became more frequent in
early March with the thermal anomaly steadily increasing
in temperature. From March 15, ash was recognized in the
volcanic plume, extending 100 km northeast of the volcano.
The temperature of the thermal anomaly in the summit area
began to increase rapidly. At 17:30 UTC on March 15, a
strong explosive phase began that produced an ash plume
of 12 km height above the crater, and hot avalanches and
pyroclastic density currents descended down all slopes of
the volcano (Fig. 2). According to estimates by Girina et al.
(2020), the explosive phase (VEI 3) lasted about 7.5 h, fol-
lowed by powerful gas-steam activity for several days. A
strong thermal anomaly remained after the explosive phase
related to incandescence in the summit area reflecting the
discharge of a new lava flow onto the northwestern slope of
the lava dome.

Methods
Remote sensing/DEM and UAV data acquisition

High resolution imaging data was acquired before and
after the event by satellites and by drones. Specifically, we
explore multispectral satellite images acquired by the Sen-
tinel-2 satellites on 11 March 2019 and 16 March 2019. We
downloaded the data and used the freely available software
package SNAP to combine the bands 7-5-3 to best visualize
the distribution of pyroclastic materials on the snow-covered
region at a 12 m resolution (Fig. 2). In order to analyze the
height variations associated with the 15 March 2019 erup-
tion, we also analyze stereo imagery acquired by Pleiades
satellite on 09 September 2018 and 12 October 2020, the
data closest bracketing the event and providing a 50 cm
resolution dataset. Although this data spans several years of
time, it shows localized changes well compared to the over-
view maps of the Sentinel-2. Pleiades data is acquired in tri-
stereo mode, meaning that the same target was photographed
in a forward, a nadir, and a backward camera (Shevchenko
et al. 2020). We processed the data using Metashape 2.1
to create a bundle adjustment and two point clouds, with
2.5 million points for 2018 and 2.1 million points for 2020,
defined in coordinates and height, respectively. From the
three-dimensional point clouds, we generated two digital
elevation models (DEMs) of ~0.5 m resolution. Using a
Geoinformatics (GIS) framework (ArcGIS 10.4), we sub-
tracted these DEMs to estimate depositional thicknesses.
More information on the Pleiades data, the data availability,
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Fig.2 Natural color satellite images (L2A) from before and after the
15 March 2019 eruption at Bezymianny volcano. a Sentinel-2 image
on 11 March 2019 showing widespread snow coverage and no activ-
ity at Bezymianny. b Sentinel-2 image on 16 March 2019 showing
dark-brownish colorized terrain associated with airfall, pyroclas-

and processing at Bezymianny volcano can be found in
Shevchenko et al. (2020).

To further analyze the characteristics and dimensions of
blocks and boulders deposited during the March 2019 event,
we performed a fieldwork and drone survey in August 2019.
We used a DJI FC 220 camera model aboard a Phantom-4
RTK drone. Referencing was done using the GPS system,
so that each image is fully georeferenced. We took 1200
drone images from the pyroclastic deposit; the imagery was
also processed using Metashape 2.1, allowing for the genera-
tion of a digital elevation model and orthomosaic of 20 and
2 cm, respectively. Using the orthomosaic, we investigated
the dimension of these blocks, with results showing histo-
grams of the size versus quantity.

Density, petrography, and mineral analysis
Fresh juvenile samples were collected on the apron of the

lava dome within the “amphitheater” collapse structure of
Bezymianny. In addition, approximately 10 juvenile scoria

7160.56° E

N

160.6° E A §

tic, and lahar deposits. ¢ Zoom into the same image as shown in b,
highlighting the 1956 scar and the site of sampling and drone sur-
veys located 7.2 km SSE of the summit crater. All Sentinel-2 data
are freely available from the Copernicus Data Space Environment
(https://dataspace.copernicus.eu/)

samples were collected from the pyroclastic PDC deposits,
and one set of samples was taken as a core to rim traverse
from one of the large juvenile blocks from the PDC deposit.
We also obtained some fresh samples from the active lava
dome. Density measurements were done for lava dome
samples as well as from several fresh scoria clasts from
the juvenile material found in the PDC deposits, following
the method by Houghton and Wilson (1989). Sieve analy-
sis of PDC matrix material was done to obtain a grain size
distribution of the lapilli and ash-sized fraction (a list with
sample localities, density raw data, and GSD is provided as
supplementary material S2). Representative samples from
different localities were also processed to produce standard
petrographic thin sections for observation and documenta-
tion with an optical microscope. In addition, high-resolution
backscatter (BEI) images were taken from several samples.
Fe-Ti oxide mineral compositions were determined by wave-
length dispersal spectroscopy (WDS) on a JEOL 8530F
field emission microprobe at Shimane University, Japan. The
instrument was operated with a 15 kV accelerating voltage
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and a 20 nA current with a 1 ym beam diameter. Count-
ing times were 20 s on the element peak and 10 s on the
background. Reference materials were from the Smithsonian
Microbeam collection (Jarosewich et al. 1980) with accu-
racy and precision monitored by the analysis of Smithsonian
IImenite (NMNH 96189), Chromite (NMNH 117075), and
Magnetite (NMNH 114887). Repeated analysis of standard
materials usually yields standard deviations of <0.2 per ele-
ment oxide wt.%, and accuracy of mineral major element
data is also generally very good (Jarosewich et al. 1980).

Results
Deposit characteristics from remote sensing data

The eruption plume was directed towards the east and left
a dark trace on the snow-covered landscape, as shown in
multispectral satellite imagery (Fig. 2a, b). Dark brownish
to black deposits are visible on the snow-covered landscape
also on the south, west, and northern flanks of the edifice
(Fig. 2¢). Material from pyroclastic density currents was
distributed over 5 km towards the north, west, southeast,
and east, clearly overflowing the 1956 amphitheater rim
(Fig. 2¢).

On fresh snow, some of the PDCs presumably trans-
formed into small lahars. Towards the south and southeast,
more extensive accumulations of PDC deposits formed. The
DEMs show that the collapse amphitheater was substan-
tially infilled by the eruption (Fig. 3a-—c), in southern parts
leveling out the 1956 scar (Fig. 3d-—f). In proximal areas,
material transport occurred largely unconfined, forming
a> 50-m-thick accumulation (Fig. 3f) of pyroclastic mate-
rial within the old collapse remnant and an additional con-
centric pyroclastic apron beyond the collapse amphitheater
rim. This collar of pyroclastic deposits in places overcame
the amphitheater headwall and subsequently transformed
into channelized flows visible towards the northeastern to
southwestern side of the volcano where depositional features
were not obscured by congruent ashfalls (cf. Figure 2¢). The
summit craters also have changed, and a new coulee-type
lava dome was emplaced on the summit (Fig. 3e). Some of
the thickest deposits (more than 10 m thick) are thus recog-
nizable in the DEM difference near the summit (Fig. 3f), but
also in an area 7-8 km further south where a narrow valley
was infilled (Fig. 3g-—i). The deposits flattened the relief
in the south (Figs. 3g, h and) and left a 100 wide and 14 m
thick deposit (insert in Fig. 3i). The same area in the south of
Bezymianny was chosen for a detailed UAV photo documen-
tation showing pyroclastic density current deposits (Fig. 4b).
These are characterized by multiple flow units with leveed
channels and lobate coarse-grained fronts (Fig. 4b). Close-
up drone imagery shows that coarse subspherical scoria

@ Springer

blocks are widespread (Fig. 4c) and concentrated in the top
of the deposit, suggesting they were transported from the
top of the flow to the front and then advected to the sides
in the flow head (Fig. 4b). Material in the central parts of
individual lobes as well as in elevated areas outside the main
channel is generally finer-grained and ash-rich.

Granulometry/grain size distribution (GSD)/
componentry

Detailed grain size distributions for distal tephra samples as
well as matrix samples from proximal PDCs were analyzed
by Girina et al. (2020). Here, we add componentry data and
grain size distribution (GSD) for the large blocks obtained
by analysis of the UAV photomosaic imagery. The overall
grain size distribution for the deposit is bimodal and is com-
posed of large blocks visible in drone orthomosaic (Fig. 4c)
and abundant fine ash between the blocks, characteristic of
block and ash flow deposits. A detailed GSD analysis was
done by Girina et al. (2020), and we also determined GSD
for one PDC matrix sample (see electronic supplement S2).
The large size block fraction itself shows a unimodal GSD
with many of the blocks up to or larger than 1 m (insert
Figs. 4c and). The deposit is relatively well sorted (see also
Fig. 8b—d in Girina et al. 2020). The majority of large blocks
(>90%) are light brown vesicular juvenile material, and only
a small fraction is composed of dense grey or reddish oxi-
dized lava blocks. The latter are assumed to be accidental
lithic material derived from older lava dome formations or
picked up from the slopes of the volcano during transport
(Fig. 6b and d). The blocks show a rounded to elliptical
geometry, with their long axes arranged perpendicular to
the transport direction (Fig. 4c). Larger blocks (> 1 m) com-
monly show round but oblate shapes (Figs. 4c, 5, and 6c¢),
suggesting sagging and flattening after emplacement, as was
observed by Radder et al. (2015).

Petrography, density, and vesicularity

Abundant large juvenile blocks are found throughout the
deposit. The shape and textures of these blocks differ from
many reported block and ash flow deposits (Miyabuchi
1999; Cole et al. 2002; Charbonnier and Gertisser 2008)
but are similar to those described from Tungurahua (Hall
et al. 2013; Benage et al. 2014) and Cotopaxi (Rader et al.
2015). In broken-up sections, they resemble pillow lavas in
some respects as blocks are subspherical with a glassy rind
(Fig. 5 and 6e). In some cases, larger blocks are broken up
but remain in situ in a jigsaw fit position, suggesting that
breakage occurred after emplacement, presumably cracked
by ongoing vesiculation and gas exsolution. Breadcrust
textured glassy exteriors are ubiquitous (Figs. 5 and 6),
and some parts of the deposit were still cooling during
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Fig.3 Shaded relief maps
generated from Pleiades tri-
stereo satellite data before (left)
and after (middle) the March
2019 eruption and difference
thereof (right). a DEM prior to
the eruption. b DEM after the
eruption. ¢ Difference of the
DEMs, showing the deposition
thickness. d Close-up of the
summit prior to the eruption
and e summit after the erup-
tion. f Note the infilling of the
amphitheater. g Close-up of

the southern deposition zone
prior to the eruption h after the
eruption. i Difference of the
DEMs in the southern deposi-
tion zone. Insert shows a profile
through the data. The data were
provided by National Center for
Space Studies (CNES) (https://
cnes.fr/projets/Pleiades)
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our fieldwork (8/2019) and emanating gases from larger
blocks. Slickensides on the exterior glassy rinds are com-
mon (Fig. 5).

The density of juvenile material from the PDC deposit
varies between 0.68 and 1.57 g/cm® (Fig. 7). This is sig-
nificantly lower than those reported from blast deposits,
which vary between 1.6 and 2.6 g/cm® (Belousov et al.
2007). Densities of the active lava dome rocks have been
estimated to be approximately 2.0 g/cm?® (Zharinov and
Demyanchuk 2011). The values obtained from our sam-
ples from the active lava dome are also slightly lower
(1.45-1.81 g/cm?). Densities were also analyzed along a
transect through one of the large juvenile blocks; however,
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no systematic density variation was observed within these
blocks.

The erupted rocks from the Bezymianny 2019 eruption
are hypocrystalline 2-pyroxene andesites with approxi-
mately 54-56 wt% silica (Girina et al. 2020). The exteriors
of the juvenile blocks are a light-yellow translucent glass
(Fig. 8) containing a small number of homogeneous micro-
phenocrysts, mainly plagioclase. Towards the interior of
the large blocks, the color of the groundmass glass changes
to dark brown. Backscatter images of the interior of larger
blocks show incipient crystallization of Fe-Ti oxide and
pyroxene nanolites (Fig. 8). Samples from the active lava
dome are texturally distinct. They are also hypocrystalline
but contain a much larger number of larger normal-zoned
plagioclase microphenocrysts (Fig. 8).
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(a) Orthomosaic 09 Sept 2018 (satellite)
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Fig.4 Southern deposition zone. a Satellite Pleiades orthomap prior
to deposition shows deep ravines. b Drone orthomosaic shows depo-
sitional lobes after the eruption. ¢ Close-up of the drone orthomosaic
revealing the presence of block-and-ash flow deposits. Red lines indi-

Fe-ti oxides

Magmas from Bezymianny volcano contain rhombohedral
and cubic Fe-Ti oxides. Textures are different between the
lava dome samples and fresh juvenile material from the
PDCs (Fig. 9a, b). Thick trellis-type intergrowths between
magnetite and ilmenite are ubiquitous in all oxide grains
from the active lava dome (Fig. 9¢). On the other hand, Fe-Ti
oxides from the outer (quenched) glassy rind of large blocks
contain no exsolution textures (Fig. 9¢). This is true for most
of the grains from the interiors of the large blocks. However,
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cate the long axis of the blocks. Insert shows the Boulder dimension
and axis azimuthal distribution of block long axis directions. Block
long axes are generally perpendicular to the flow and deceleration
direction

in some grains, small, submicrometer incipient lamellae for-
mation can be seen in the exterior rims of some magnetite
grains (Fig. 9d).

Compositional range of magnetite—ilmenite pairs is
narrow for grains from the juvenile blocks from the PDC
(Fig. 9g, Electronic Supplement S3). On the other hand,
magnetite—ilmenite compositions from dome samples are
highly variable. Two distinct compositional groups of mag-
netite grains (low and high magnesium) have been identified
in samples from the active lava dome and from the block and
ash flow (Fig. 9h).
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Fig.5 a Surface photograph of
the block and ash flow deposit
from the March 2019 eruption
of Bezymianny volcano. Many
of the large blocks contain
slickensided friction marks
which developed on the outside
of many of the large breadcrust
blocks (lower two images b
and ¢)

2]

Discussion
Deposit characteristics

The deposits studied in this work are, according to their
bimodal grain size characteristics, block and ash flow
deposits. We will discuss the inferred mechanism of PDC
initiation and how the type of block and ash flow deposit of
the March 2019 eruption is controlled by eruption style at
Bezymianny volcano. GSD characteristics of the fine ash
matrix of the deposit had previously been studied by Girina
et al (2020). Our study adds the GSD for large block-sized
material. The ratio between ash-sized material and block-
sized material is highly variable within the deposits. Fine-
grained ash-rich deposits are mostly found on slopes outside
the main channel. Within the main channel, deposits are
build up of individual lobes with an overall much higher
concentration of large block-sized material, often concen-
trated in bar-shaped structures (Figs. 4, 5, and 6). Block and
ash flow deposits are usually associated with dome collapse
processes (Calder et al. 2015). As such, they are also often
restricted to a specific sector of the volcano (Ui et al. 1999;
Auer et al. 2018; Krippner et al. 2018; Nakada et al. 2019).
If the lava dome is located within an amphitheater structure,
block and ash flows are commonly channelized down valley

from the lowest escarpment of the collapse amphitheater
structure (Shevchenko et al. 2020, 2021). The complete
snow cover present during the March 2019 eruption suggests
that this event distributed material in a broad apron around
Bezymianny volcano, leading to substantial accumulation
of material within the amphitheater collapse structure but
also several kilometers beyond the amphitheater in all direc-
tions (Figs. 2 and 3). Beyond this apron, material transported
locally often becomes channelized either as PDCs but pos-
sibly also locally transforming to lahars due to readily avail-
able water from the snow cover. Lava dome and lava flow
front collapse has been described previously at Bezymianny
(Carter and Ramsey 2009) but usually occurred southeast
towards the breach of the collapse amphitheater.

The overall distribution of deposits suggests that the
March 2019 PDCs were not derived from lava dome col-
lapse. This idea is supported by the structural properties
and petrography of the erupted material. Large juvenile
blocks have a lower density than the dome lavas and the
vesiculated clasts of the blast deposits (Belousov et al.
2007; Ladygin et al. 2012, 2023), giving them an over-
all scoriaceous texture (densities of 0.8—1.7 g/cm3). This
makes them comparable to juvenile material described
from the deposits of PDCs formed by fountain collapse
at Soufriere Hills volcano (Cole et al. 2002), Ngauruhoe

@ Springer



83 Page 10 of 19

Bulletin of Volcanology

(2025) 87:83

Cbéfse channelfill
facies “Shoestring -
- deposit”

Fine grained, ashrich
deposits are found
on slopes outside the
main channel

dense grey
lithic clast

Front of a flow lobe - coarse

channelfill facies

Large blocks often show
subspherical, oblate
shapes

@ Springer

Oxidized
lithic clast




Bulletin of Volcanology (2025) 87:83

Page110f19 83

«Fig.6 Deposits are characterized by distinct coarse “channel fill”
deposits a, b. Individual scoria “breadcrust blocks” can reach several
meters in diameter, and friction marks on the exteriors are common.
Especially large blocks often show distinct oblate “flattened” shapes,
suggesting that blocks had still-viscous interiors after emplacement c,
d. All blocks have a characteristic light brown exterior, glassy rind,
and a deep dark brown interior d, e

volcano (Lube et al. 2007), and Popocatepetl volcano
(Macias et al. 2020) which often show equally low den-
sities only slightly above 1 g/cm?® (Fig. 7). The key dif-
ference to the aforementioned examples is the grain size,
where studies report significantly smaller block sizes at
similar travel distances (ca —6 to —8 phi). In compari-
son, our UAV GSD for larger blocks reveals a mode over
0.5 m in diameter along with common blocks up to 3 m in
diameter. Thus, while the size of individual blocks is com-
parable to those commonly found in block and ash flow
deposits from dome collapse events (Cole et al. 2002), the
density is significantly lower than that of lava dome rocks.

Petrography and mineral chemistry provide further evi-
dence that large blocks in the March 2019 PDC are not
derived from collapsing portions of the lava dome (Fig. 8).
Formation of silica polymorphs is known from active vol-
canic systems, where volatiles can percolate through per-
meable upper portions of the magma system with transient
storage (Baxter et al. 1999; Boudon et al. 2015; Auer et al.
2024). This has also been documented for high-density lava
dome rocks from Bezymianny (Davydova et al. 2022). How-
ever, Si-polymorphs have not been found in our juvenile
sample material. Exposure of Fe-Ti minerals to atmospheric
(P, T) conditions leads to characteristic magnetite—ilmen-
ite exsolution textures, which are common in lava dome
rocks and in clasts from block and ash flow deposits derived
from the lava dome (Saito et al. 2004, 2007). While these
textures are ubiquitous in all Fe-Ti minerals of the studied
dome sample (Figs. 8a, c, and e and 9a, c), they are absent
in Fe-Ti minerals in the glassy rinds of the breadcrust blocks
(Figs. 8b, d and 9b, e). Canil and Lacourse (2020) showed
that the trace element composition of magnetite in hydrous
silicic magmas is highly susceptible to variations in tem-
perature and oxygen fugacity. Magnesium, in particular,
can also be used to distinguish magnetite grains formed in
distinct environments. In addition, distinct temperatures for
magnetite grains from the glassy rims of large bombs in the
block and ash flow (920-964 °C) and the lava dome rocks
(737-834 °C) based on the trace element (Mg content in
magnetite) geothermometer of Canil and Lacourse (2020)
(Fig. 9h) were obtained. A similar range of distinct tempera-
tures can be obtained using the Fe-Ti exchange thermom-
eter of Ghiorso and Evans (2008) for intergrown magnet-
ite—ilmenite grains from the glassy rim of the block and ash
flow material (Fig. 9¢) and Fe-Ti exsolution lamella (Fig. 9¢)
within dome rock samples (calculations were done using

the ThermoEngine package at the ENKI-portal—http://enki-
portal.org/about.html).

Fe-Ti textures together with the glassy crust of all bread-
crust blocks and the increasing amount of nanolites towards
their interior (Fig. 8d) suggest that each of the individual
blocks had a secluded cooling history and is not a disag-
gregated fragment of a larger lava body. In addition, the
ubiquitous flattening of many blocks suggests they were
transported and deposited in a ductile state. Similar struc-
tures were also described for Cotopaxi samples (Rader et al.
2015). Abundant friction marks on many of the large blocks
are similar to those described for block and ash flow depos-
its from dome collapse events at Soufriere Hills volcano
(Grunewald et al. 2000) and Merapi volcano (Schwarzkopf
et al. 2001). This shows that block-sized material is trans-
ported as fast-moving granular flows where internal mutual
interactions between blocks (and also the ground) can
exert high stress rates, comparable to those of active faults
(Grunewald et al. 2000).

Boiling over eruptions—a useful term?

The deposits and juvenile blocks of the March 2019 eruption
of Bezymianny are strikingly similar to those described from
the 1877 eruption at Cotopaxi and the 2006 eruption of Tun-
gurahua (Hall et al. 2013; Benage et al. 2014; Rader et al.
2015), with PDCs from both events commonly attributed to
a “boiling over” process.

Two general mechanisms have been considered for flow
initiation (Dufek et al. 2015): (i) ascending vesiculated
magma fragments and vigorously fountains over the crater
rim without forming a convective plume, or (ii) vesiculated
magma breaches the crater rim as a frothed mass within
the open vent and disaggregates under gravity. There are no
direct observations of these eruptions, and the crater rims are
usually shrouded with ash clouds during such events. The
distinction is relevant as it has a bearing on the fragmenta-
tion mechanism during the eruption. While low fountaining
would still suggest a typical continuous magmatic fragmen-
tation process, the latter is a purely gravitational disintegra-
tion of the liquid after leaving the confinement of the crater.
However, in neither scenario will magma reach a physical
state, and the phase transition of boiling.

For the March 2019 PDC, we interpret the large indi-
vidual blocks as fragmented pyroclasts with an individual
cooling history. Blocks are considered too large to become
entrained in a convective plume. Their large size attests to an
overall low eruptive energy and fragmentation rate as well
as an overall low dispersal. On the other hand, their sub-
spherical shape and the sagging structures suggest ejection
in a viscous state. Such an eruption mechanism is therefore
an intermediate style between effusive lava dome forming
activity and explosive Subplinian to Plinian activity. During
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Fig.7 Comparison of density
data for dome rock samples
and breadcrust blocks (PDC).
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a lava dome-forming eruption, PDCs are derived from col-
lapsing portions of the lava dome or the front of highly vis-
cous blocky lava flows. On the other side of the spectrum,
Subplinian to Plinian activity is characterized by high frag-
mentation rates and the development of a volcanic plume.
In such eruptions, the gas-particle flow emanating from the
vent initially starts as a negatively buoyant jet (gas thrust
region). During further ascent, it may become buoyant due
to heating and entrainment of ambient air, thus decreasing
the density of the gas-particle mixture, forming a convective
column (Dellino et al. 2014). PDCs form if heating or air
entrainment is insufficient, and the jet phase remains denser
than the surrounding environment, and the flow collapses.
PDCs from explosive activity can also form during fountain
collapse following individual Vulcanian explosions (Druitt
et al. 2002). The term “boiling over eruption” is engrained in
the volcanological literature, but we argue it is a misnomer
that poorly describes the processes preceding the initiation
of a pyroclastic density current. In the following section,
we aim to introduce a more appropriate terminology and
interpretation for this eruption type.

@ Springer
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Lava Dome

Effervescent fountaining—bridging the gap
between explosive and lava-dome forming
eruptions

Fundamental control on an effusive vs. explosive eruption
mechanisms at arc volcanoes with intermediate magma
composition are volatile content of the magma as well as
gas loss (Martel et al. 1998; Auer et al. 2018), the magma
viscosity, ascent rate, and the physical properties of the vol-
canic conduit (Gonnermann et al. 2013; Cassidy et al. 2018).
To interpret the frequently changing eruption mechanism at
Bezymianny, we propose a new term effervescent fountain-
ing here to describe a mechanism that is transitional between
effusive and explosive eruptions. The term eliminates the
misconception that magmas reach their boiling point during
a volcanic eruption while maintaining the idea that rapid
volume expansion due to intense gas exsolution is driving a
frothed mass out the conduit. While the 2019 event still pro-
duced a large eruption column, the degree of fragmentation
and dispersal of large blocks is low. A transition between
effusive and explosive eruptions has already been shown
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«Fig.9 Fe-Ti mineral composition for dome rocks (left side; a, c¢)
and through a large breadcrust block (core to rim—right side; d, e).
Below are two triangular diagrams comparing Fe-Ti oxide mineral-
ogy for dome rocks f and block and ash flow samples g. Diagram h
shows a distinct temperature range for both sample types based on
magnesium content of magnetite (Canil and Lacourse 2020) and
magnetite ilmenite Fe-Ti exchange temperature as shaded (grey and
red) areas (Ghiorso and Evans 2008)

using numerical modeling for basaltic eruptions where lava
fountaining represents a separate discrete eruption style
that links the two types. Here, the liquid phase in the rising
magma remains continuous up to the vent and fragments
only at or above the vent level (La Spina et al. 2021). Large
juvenile blocks at Bezymianny suggest that the majority
of the gas remained coupled to the melt during ascent and
fragmentation only occurred at surface levels, where a froth-
ing mass overtops the vent during low fountaining. In the
examples described by La Spina et al. (2021), the basaltic
fountains feed back into rheomorphic lava flows. No agglu-
tinated deposits were found even in the most proximal areas
around the lava dome (which could suggest transformation
of ejecta back into lava flows). Instead, the ejected mass
at Bezymianny directly feeds into radially dispersed PDCs.

The whole spectrum of eruption styles is present at
Bezymianny:

1) Effusive episodes (Fig. 10a). These are characterized
by predominantly exogenous dome growth of degassed
magma. Lava plugs that form frequently in the upper
conduit can either lead to episodes of endogenous
dome growth but will often be subsequently pushed
upward and displaced and integrated into the dome edi-
fice (Mania et al. 2019). Fresh dome material develops
Fe-Ti exsolution textures and portions of the lava dome
or the flow front can fail generating block and ash flows
(Carter et al. 2007; Carter and Ramsey 2009). Material
in these deposits is dominated by poorly sorted, dense
lava blocks with inherited Fe-Ti exsolution textures.

2) Effervescent fountaining (Fig. 10b). During this transi-
tional eruption style, magma strongly vesiculates, but
the gas phase does not decouple from the magma which
reaches the surface as an effervescent foam. Fragmen-
tation occurs during low fountaining, producing large
clasts that do not become entrained in a buoyant plume.
These blocks are considered juvenile pyroclasts (sensu
stricto) and not remobilized portions of prior emplaced
lava. If large volumes of such gas-rich blocks rapidly
accumulate on proximal steep slopes, they transform
into PDCs that spread out into all directions (Fig. 10b).
The resulting deposits are, according to their dominant
grain size, block and ash flow deposits; however, the
properties of the blocks are distinct from those resulting
from lava dome collapse, and their cooling history gen-

erates characteristic subspherical juvenile blocks with
glassy rims (Benage et al. 2014) that further degas and
inflate following deposition (breadcrust blocks).

3) Explosive episodes (Fig. 10c). Bezymianny volcano also
produces Subplinian and Plinian eruptions (Martel et al.
2025; Ostorero et al. 2025). The fragmentation energy
is high, and the fragmentation level is below the surface
level, and material reaches the surface as a pyroclastic
jet. This represents typical magmatic fragmentation,
which, for example, happened in 2023 where a short-
lived Subplinian to Plinian eruptive episode produced
widely dispersed fallout deposits composed of pumice
clasts with densities of < 1 g/cm® (Davydova et al. 2024).
Such episodes are expected either during the arrival of
gas-rich magma at the surface, or after charging the sys-
tem with gas during prolonged blockage of the crater.
In either case, the volume increase due to the expansion
of gases and acceleration of the magma supplies suffi-
cient kinetic energy to forcefully eject material from the
crater. PDCs are generated via fountain collapse or due
to the collapse of an eruption column. Fe-Ti exsolution
is expected to be rare as pyroclasts are directly sourced
from deeper within the magmatic system but will cool
rapidly upon reaching the atmosphere.

Conclusions

We have studied the deposits and erupted materials from
the March 2019 eruption of Bezymianny volcano. Due to
the complete snow cover prior to the eruption, satellite data
allowed for a detailed characterization of material disper-
sal around the volcano. In addition, a UAV survey obtained
high-resolution footage of surface characteristics and basic
granulometric data from the deposit. Eruption styles at
Bezymianny volcano change rapidly, and such shifts in the
eruptive pattern may change material dispersal with strik-
ingly distinct hazard patterns. Initiation mechanisms for
PDCs are an important consideration when assessing such
hazards. Among the four principal recognized mechanisms,
“boiling over” eruptions remain the least studied and least
understood. A better understanding may also be inhibited
by a long-established but ultimately inappropriate termi-
nology. The deposits we describe are block and ash flows
according to their dominant grain size. However, they are
not derived from collapsing portions of the active lava dome.
Instead, deposit and pyroclast characteristics suggest they
were ejected during low fountaining of vesiculated magma.
We suggest a number of considerations that could be useful
for future studies of similar eruptions and their deposits:

— The term “Boiling over” has been used undifferenti-
ated for relatively small eruptions as discussed in this
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Fig. 10 Spectrum of effusive-explosive eruptions and their relation to PDC initiation as well as the characteristics of deposit and the respective

juvenile blocks

work (e.g., Cotopaxi, Tungurahua) and as a model for
the emplacement of large Ignimbrite sheets (e.g., Cerro
Galan) during Ultraplinian eruption.

— The “Boiling over” eruptions discussed here likely rep-
resent a transitional stage between explosive and effusive
eruptions

— In analogy to the recent studies on basaltic systems, we
think that fountaining is the most appropriate process for
this eruption type.

— During ascent, the liquid phase in the rising magma
remains continuous up to the vent but also strongly
vesiculates with the gas never decoupling from the melt.
Magma will fragment at or above vent level vigorously
ejecting large block masses of frothed, semi-viscous
pyroclasts.

— Such a particulate dispersion of large fragments immedi-
ately loses momentum and fails to incorporate with, and
heat, sufficient air to become buoyant and will therefore
follow fountain-like trajectories to the ground.

— We suggest that “effervescent fountaining” is a more
appropriate description of such a process instead of
“boiling over.”

— Juvenile blocks formed during effervescent fountaining
contain glassy rinds suggesting their origin as discrete
pyroclasts (Fig. 8d).

— The rapid accumulation of ejecta can initiate PDCs that
are not limited to a specific sector of the volcano but are

@ Springer

capable of deposition in all directions around the crater
(Fig. 2).

— Nevertheless, the resulting deposits can have the textural
characteristics of block and ash flow deposits and can
contain abundant large, oversized blocks up to several
meters in size (Fig. 5a). Thus, the term block and ash
flow should not be automatically suggesting a dome col-
lapse origin.

— Juvenile material derived from “effervescent fountain-
ing” is substantially more vesicular than the fragments
in block and ash flow deposits derived from collapsing
lava flows or lavadomes (Fig. 7).

— Magnetite—ilmenite mineral pairs in “effervescent foun-

taining” PDCs commonly lack exsolution textures and
thus record pristine magmatic conditions. In contrast,
material derived from lava domes usually contains these
textures (Fig. 9c—e).

— The genetic link between block and ash flows and lava
dome collapse processes is deeply engrained in the vol-
canic literature. Deposits with dominant proportions of
large blocks and fine ash that are clearly not of dome
collapse origin should simply be termed PDC deposits
to avoid confusion.
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