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Abstract

Shiveluch volcano (Kamchatka, Russia) is an active andesitic volcano with a history of explosive activity, dome extrusion,
and structural collapse during the Holocene. The most recent major (> 1 km?) dome collapse occurred in November 1964,
producing a~ 1.5 km? debris avalanche that traveled over 15 km from the vent and triggered a phreatic explosion followed
by a voluminous (~0.8 km?) eruption of juvenile pyroclastic material. Seismic records suggest that the collapse was likely
triggered by a magnitude 5.1 earthquake associated with the ascent of magma into the edifice. The geomechanical properties
of the pre-1964 dome are unknown; accordingly, the mechanics of the collapse are poorly understood. This project employs
numerical slope stability modeling using the finite element method to constrain probable ranges of geomechanical properties
for the materials involved in the collapse, considering earthquake loading as the most likely triggering mechanism. Model
results show good agreement with the 1964 collapse geometry considering Geological Strength Index and horizontal pseudo-
static seismic coefficient ranges of 30-60 and 0.05-0.15 g, respectively, representing variably fractured and altered dome
rocks under moderate earthquake loading, confirming that ground acceleration alone could have triggered the dome collapse.
Deep-seated rotational sliding is the dominant failure mode, but local extension within the dome during failure appears to
play an important role in the development of the collapse. The findings of this work allow for better forward modeling of
potential future collapses, the results of which can be incorporated into regional hazard and risk assessments.
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1 Introduction

Lava domes are accumulations of viscous lava that develop
at shallow depths on the flanks and tops of volcanoes. Lava
domes can be actively growing and/or cooling as hot, vis-
cous lava intrudes through cooler fractured lava. They tend
to evolve dynamically and develop highly fractured and
oversteepened sides, making them prone to collapse as lava
is emplaced. Due to their large volumes, lava dome failures
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can run out many kilometers from the volcanic edifice and
reach populated areas, causing destruction of property and
loss of life [e.g., Mt. Unzen, 1991-1994 (Ui et al. 1999)].
In addition, failure of lava domes, especially when at high
temperature, can generate extremely destructive block-and-
ash flows and lahars (Carn et al. 2004; Coats et al. 2018).
Depressurization of hydrothermal and/or magmatic systems
within lava domes or in volcanic edifices due to lava dome
failure can trigger violent explosive activity [e.g., Mount St.
Helens, 1980 (Voight et al. 1983)]. Lava domes become pre-
conditioned to collapse due to oversteepening during extru-
sion (Diefenbach et al. 2013; Ashwell et al. 2018). Triggers
of instability can include internal overpressures associated
with pressurized gases (Voight and Elsworth 2000), magma
(Schaefer et al. 2013), and/or hydrothermal fluids (Reid
2004); earthquake swarms (Calder et al. 2002); heavy rain-
fall (Carn et al. 2004); and changes in the rate or style of
extrusion (Loughlin et al. 2010; Carr et al. 2016).
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Shiveluch volcano (Kamchatka, Russia) is an active
andesitic stratovolcano that has experienced rapid lava
dome growth and collapse throughout the Holocene (Bel-
ousov 1995; Ponomareva et al. 1998; Krippner et al. 2018).
The most recent major (> 1 km?) dome collapse occurred
on 12 November 1964, producing a~ 1.5 km? debris ava-
lanche that traveled over 15 km from the vent and left
a~1.7-km-diameter horseshoe-shaped crater in the edifice
(Belousov 1995). The collapse was preceded by a swarm of
earthquakes, immediately followed by a phreatic explosion,
and later followed by a voluminous (~ 0.8 km?) eruption of
juvenile pyroclastic material (Belousov 1995). The phreatic
explosion following the 1964 collapse at Shiveluch suggests
that a pressurized hydrothermal system existed within the
edifice, and a delayed onset of Plinian activity suggests that
magma had not intruded into the shallow edifice at the time
of failure. Seismic records suggest that earthquake loading
was a likely trigger (Belousov 1995; Gorelchik et al. 1997);
the potential influence of elevated hydrothermal and/or fluid
pressures as triggering mechanisms is unclear.

The rocks involved in the collapse and the associated
debris avalanche deposits have been described in terms of
their origin and emplacement mechanisms, but their physi-
cal and mechanical properties have not been character-
ized; therefore, the mechanics of the 1964 dome collapse
at Shiveluch are poorly understood. To better understand
the mechanics of the collapse, the geomechanical properties
of the materials involved must be constrained, as they can
have strong controls over failure behavior and failure mode
(Reid et al. 2001, 2010; Lavallée and Kendrick 2021). Con-
straining these material properties represents an important
step in developing volcanic stability evaluations and hazard
assessments.

Slope stability models are useful for elucidating the
mechanics of major collapse events and evaluating the sensi-
tivity of slopes to changes in material properties and external
loading when they cannot be determined otherwise. Con-
tinuum methods are typically used in geomechanical mod-
eling when the degree of fracturing in the rock is high rela-
tive to the scale of the terrain, such that the rock mass can
be represented by an equivalent continuum (Sitharam et al.
2001; Hammabh et al. 2005). Researchers have evaluated vol-
cano flank and edifice stability using continuum approaches
such as limit equilibrium methods (LEM) (Iverson 1995;
Schaefer et al. 2013, 2018), finite element methods (FEM)
(Sousa and Voight 1995; Schaefer et al. 2013), and finite
difference methods (FDM) (Hiirlimann et al. 2000; Apuani
et al. 2005a). Numerical methods such as FEM and FDM
are particularly effective for evaluating failure modes by
identifying concentrations of stresses and strains in the rock
mass at the onset of instability (Hammah et al. 2005) based
on slope geometry and generalized subsurface conditions.
In this study, we employ FEM to constrain probable ranges
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of geomechanical properties for the materials involved in
the 1964 edifice collapse at Shiveluch, considering seismic
loading as the most likely triggering mechanism. Based
on deposit descriptions, we use a range of materials, from
fresh to extensively altered, to represent the dome rocks. We
determine geomechanical properties for analogue andesite
samples using uniaxial and triaxial compressive strength
laboratory tests. We then examine how rock mass quality and
alteration can influence failure mode and highlight broader
implications for volcanic hazards.

2 Geographic and Geologic Setting

Shiveluch is located on the Kamchatka peninsula within
the Central Kamchatka Depression, a~ 150-km wide, low-
lying plain between the Sredinny range to the west and the
Vostochny range to the east (Fig. 1a). The Kamchatka pen-
insula is situated at the junction of the Kuril-Kamchatka
and Aleutian subduction zones, where the Pacific plate is
subducting to the west beneath the Okhotsk plate (Seno et al.
1996; Krippner et al. 2018). Shiveluch is the northernmost
active volcano on the Kamchatka peninsula and is one of the
most active volcanoes in the region with an average magma
discharge of ~0.015 km?/year (Ponomareva et al. 2007). The
Holocene eruptive history of Shiveluch is characterized by
alternating periods of explosive activity and dome growth,
separated by periods of quiescence, with the most recent
voluminous eruptive period beginning around 900 BCE
(Ponomareva et al. 2007).

The Shiveluch edifice is composed of two parts: an older,
inactive, primary summit (Old Shiveluch) and a younger,
active, subsidiary summit (Young Shiveluch) (Fig. 1b). Old
Shiveluch (summit elevation 3307 m above sea level [asl])
is a remnant of a large stratovolcano that collapsed cata-
strophically during the late Pleistocene, forming a~ 10 km?
debris avalanche and leaving a collapse caldera~9 km
across, opening to the south (Belousov 1995; Ponomareva
et al. 1998). Young Shiveluch (pre-1964 summit eleva-
tion ~ 2800 m asl) consists of multiple coalesced extrusive
lava domes that formed within the late Pleistocene collapse
scar (Ponomareva et al. 1998).

Old Shiveluch is composed primarily of andesite and
basaltic andesite flows and domes (Belousov 1995). The
volcano was constructed during the late Pleistocene in two
stages: an earlier pyroclastic stage and a later effusive stage;
as such, sequences of lava flows in the upper portion of the
volcano generally overlie pyroclastic deposits in the lower
portion (Gorbach et al. 2013). The massive late Pleistocene
collapse scar exposes hydrothermally altered lavas and pyro-
clastic deposits through which the andesitic domes of Young
Shiveluch are extruded (Gorbach et al. 2013). Volcanic col-
lapses and subsequent debris avalanches have occurred
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Fig. 1 a Location of Shiveluch on the Kamchatka peninsula of east-
ern Russia. Shaded relief map is based on 90 m SRTM digital ele-
vation data obtained from CGIAR-CSI (available at http:/srtm.csi.
cgiar.org). b Satellite image of Shiveluch volcano showing the older,

repeatedly at Young Shiveluch throughout the late Holocene,
with at least 13 collapses preceding the 1964 event in the last
5.7 ka (Ponomareva et al. 1998).

3 November 1964 Collapse Sequence

Earthquake activity associated with the 1964 collapse of
Shiveluch commenced in January 1964, with notable earth-
quake swarms occurring in early May and late October 1964
(Bogoyavlenskaya et al. 1985; Belousov 1995). In the early
morning of 12 November 1964, a swarm of at least 70 shal-
low (0-40 km deep) earthquakes (Gorelchik et al. 1997)
occurred at Shiveluch, producing nearly constant ground
shaking. The strongest (M 5.1) earthquake occurred less than
10 km deep directly under Shiveluch at 07:07 (Belousov
1995; Gorelchik et al. 1997; Gusev et al. 1998). Gorelchik
et al. (1997) generally associate these shallow earthquakes
with lava dome activity in the central part of the edifice,
and Belousov (1995) concludes that the M ~ 5 earthquake
preceding collapse was associated with magma ascent into
the edifice. This earthquake immediately preceded the col-
lapse of the dome, initiating a~ 1.5 km? debris avalanche
that traveled over 15 km to the south—southwest, blanketing

56°40'N

56°30'N

161°10'E

161°30'E

primary summit (Old Shiveluch), the younger, subsidiary summit
(Young Shivluch), and the debris avalanche deposits associated with
the 1964 collapse of Young Shiveluch. Image source: Landsat/Coper-
nicus (downloaded from Google Earth). Image date: September 2013

much of the southern flank of Shiveluch with debris (Bel-
ousov 1995). The collapse depressurized a hydrothermal
system within the edifice, causing a phreatic explosion. Air
waves recorded at 07:07 at nearby meteorological stations
confirm the nearly simultaneous onset of explosive activ-
ity following the earthquake and dome collapse (Gorshkov
and Dubik 1970). A sharp increase in air wave energy was
recorded at 07:20 as the first juvenile magmatic material
was explosively erupted, generating pyroclastic flows (Gor-
shkov and Dubik 1970; Belousov 1995). Plinian-style activ-
ity continued until the eruption ceased at 08:22. Studies of
the new deposits several days after the eruption showed that
the debris avalanche did not include any juvenile magmatic
material; rather, the voluminous (~0.8 km3) outpouring of
juvenile pyroclastic material initiated after the collapse had
occurred (Belousov 1995). The delay between the edifice
collapse at 07:07 and the onset of Plinian activity at 07:20
suggests that magma had not intruded into the shallow edi-
fice at the time of the collapse, and, therefore, probably was
not an immediate trigger of instability (Belousov 1995),
although the intrusion of magma deeper in the edifice could
have led to deformation or oversteepening at the surface,
which could have preconditioned the edifice for collapse
(similar to that observed at Mount St. Helens, 1980 Lipman
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et al. 1981; Voight et al. 1983). The phreatic explosion sug-
gests that hydrothermal pressures were present in the edifice,
but whether these pressures were a preconditioning factor
for collapse remains uncertain. Based on this sequence
of events, earthquake loading associated with the ascent
of magma appears to be the most probable trigger of the
collapse (Belousov 1995); thus, we explore this triggering
mechanism by modeling the collapse under moderate (M ~5)
earthquake loading.

4 Materials

The rocks and debris avalanche deposits at Young Shiveluch
have been described in terms of their origin and emplace-
ment mechanisms (Gorshkov and Dubik 1970; Bogoyavlen-
skaya et al. 1985; Belousov 1995; Ponomareva et al. 1998;
Gorbach et al. 2013), but no work has been done to char-
acterize their geomechanical properties. Here, we synthe-
size key descriptions of the dome rocks at Young Shiveluch
based on descriptions of intact blocks within the 1964 debris
avalanche deposits. We correlate these descriptions with
the results of recent geotechnical testing of representative
andesitic rocks collected from Mt. Ruapehu (Taupo volcanic
zone, North Island, New Zealand), an active stratovolcano
that is compositionally similar to Shiveluch, to assemble
likely ranges for geomechanical properties of the Shiveluch
dome materials.

4.1 Shiveluch 1964 Debris Avalanche Deposit
Descriptions

Bogoyavlenskaya et al. (1985) describe the deposits of the
1964 collapse as poorly sorted, poorly stratified agglomer-
ate containing large rock fragments and debris of the old
edifice, which consist of gray to pink andesites ranging from
dense to pumiceous. This suggests that the composition of
the pre-1964 edifice was primarily andesitic lava with highly
variable porosity. Belousov (1995) describes intact blocks
in the debris avalanche deposits as being unaltered to exten-
sively altered, with gypsum-bearing blocks up to 0.5 m in
diameter, which suggests that the alteration of the dome rock
is locally extensive but not necessarily pervasive throughout
the edifice.

4.2 Representative Mechanical Properties
of Andesitic Rocks

Based on descriptions of the Shiveluch debris avalanche
deposit, we modeled the dome using mechanical properties
representative of typical andesite ranging from unaltered to
pervasively altered. Altered lava can be significantly weaker
than fresh lava due to replacement of strong minerals by
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weaker minerals such as clays (Reid et al. 2001; Ball et al.
2015). Altered material at depth has been shown to have
different physical properties than that at the surface due to
clay precipitation into cracks and pores (Siratovich et al.
2016); therefore, we also considered typical properties of a
pervasively altered subsurface andesite. We selected three
blocks of andesite fitting these descriptions from a collection
of lava samples from the active andesitic Mt. Ruapehu vol-
cano. This volcano has an active hydrothermal system and
various materials exposed at the surface, ranging from fresh
to extensively altered (Mordensky et al. 2018b). Selected
samples included (1) Sample 1, a fresh block with minor
surface weathering only; (2) Sample 2, a porous and mod-
erately to pervasively altered (supergene argillic alteration)
and weathered block; and (3) Sample 3, a pervasively altered
(steam-heated, intermediate to advanced argillic alteration)
block erupted from the 1995-1996 eruption representing
the host rock beneath the current vent-hosted hydrothermal
system (Fig. 2).

5 Methods
5.1 Laboratory Testing

Geomechanical data used as inputs for our numerical mod-
els include uniaxial compressive strength (UCS), Young’s
modulus (E), and the Hoek—Brown material constant m;
(an empirical material constant analogous to the frictional
strength of the intact rock [Sari 2010; Eberhardt 2012; He

Fig.2 Andesite blocks from Ruapehu volcano (New Zealand) used as
analogue for the range of materials composing the Shiveluch dome
based on descriptions of the debris avalanche deposit, including: (1)
Sample 1, fresh, unaltered andesite (upper end member for strength);
(2) Sample 2, a porous and moderately to pervasively altered (super-
gene argillic alteration) andesite (lower end member for strength);
and (3) Sample 3, pervasively altered (steam-heated, intermediate to
advanced argillic alteration) subsurface andesite (middle range for
strength)
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et al. 2020]) calculated from triaxial compressive tests at
various confining pressures using the nonlinear general-
ized Hoek—Brown empirical failure criterion (Eberhardt
2012) in RocData software (RocScience 2019a). We meas-
ured UCS and triaxial strength using a Technotest 3000-kN
servo-controlled loading frame at a constant strain rate of
1.0x 107 s~!. A minimum of six 20 mm diameter, 40 mm
long, right cylindrical cores were prepared from each of the
sample blocks described above: three for UCS testing and
three for triaxial testing. Measurements were conducted
on oven-dried samples at room temperature. UCS tends
to increase as water content decreases through oven dry-
ing (Wong et al. 2016; Hashiba et al. 2019); as such, the
UCS values obtained here may slightly overestimate the
in situ rock strength conditions. Mean values from the three
UCS tests were evaluated to produce one strength value and
Young’s modulus value for each block. Prior to testing, we
determined the porosity for each core using a Micromerit-
ics AccuPyc II 1340 helium pycnometer and averaged the
results to produce one porosity value for each sample block.

5.2 Generalized Geological Cross Section

For slope stability modeling, we constructed a generalized
geological cross section representing the topography and
expected subsurface conditions of Young Shiveluch at the
time of failure in 1964 (Fig. 3). The cross section shows
the pre- and post-failure topography of the dome from Pon-
omareva et al. (1998) and shows the assumed failure surface
based on the post-failure topography. The cross section cor-
responds to profile line A-A’ in Fig. 1. Because the proper-
ties of the flanks and edifice of Old Shiveluch are unknown,

the subsurface materials are assumed to be uniform and the
same as the dome materials. This cross section is simplified
to account for uncertainties associated with limited knowl-
edge of site-specific geological conditions and is prepared
for the purposes of slope stability modeling. The locations
of the features depicted are approximate. We suspect that
the failure surface at depth primarily crosses through altered
materials, as suggested by the relatively extensive zone of
hydrothermal alteration in Fig. 3.

5.3 Edifice Failure Models

We performed a series of slope stability analyses based on
the geological cross section presented in Fig. 3., using the
two-dimensional geotechnical finite element analysis pro-
gram RS2 10.0 (RocScience 2019b). The model geometry
and finite element mesh are shown in Fig. 4. The model

Bottom: horizontally, vertically restrained | L
Sides: horizontally restrained i
In situ stress ratio (H:V): 1

- Assumed
_——" failure surface

1 km

Fig.4 RS2 model setup showing topography of Shiveluch edifice,
finite element mesh, boundary conditions, in situ stress ratio (H:V),
and direction of seismic force application (upper right)

Fig.3 Generalized geological
cross section along profile A—A’ A
(Fig. 1). Topography is from
Ponomareva et al. (1998) with
no vertical exaggeration. Sub-
surface materials are assumed
to be uniform and the same as
the pre-1964 dome material.

YS Young Shiveluch, OS Old
Shiveluch, LD Pre-1964 lava
dome, PT Post-1964 surface
topography, F'S Approximate
failure surface (assumed based
on post-1964 surface topogra-
phy), HA Zone of hydrothermal
alteration (shown schematically;
extents are unknown)
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boundaries are restrained horizontally and vertically along
the bottom of the model and horizontally along the sides.

These analyses used the Shear Strength Reduction
method (Dawson et al. 1999; Hammah et al. 2005) to eval-
uate a critical strength reduction factor (SRF) for which
the model reaches a stability threshold. The critical SRF
is equivalent to the factor of safety against slope failure
(Dawson et al. 1999) or the ratio of shear strength to shear
stress required to maintain stability (Bishop 1955). We
modeled the rock mass strength envelopes using the gen-
eralized Hoek—Brown strength criterion (Eberhardt 2012)
based on the representative UCS and m; values determined
by our laboratory testing and back-calculated Geological
Strength Index (GSI) values, which characterize the qual-
ity of the rock mass in terms of the degree of fracturing
and the physical condition of discontinuities (Hoek et al.
2013; Bertuzzi et al. 2016). Rock mass elastic modulus
values were evaluated using the generalized Hoek and
Diederichs method (Hoek and Diederichs 2006) based
on representative intact Young’s modulus values and GSI
values.

The goals of our modeling were to (1) constrain the rock
mass strength parameters of the dome materials involved in
the 1964 collapse at Shiveluch through back-calculation; (2)
evaluate the likelihood of seismic loading as the predomi-
nant triggering mechanism; and (3) assess how changes to
model input parameters affect the modeled failure mode.
Using the mechanical properties of representative andesitic
rocks determined through geotechnical testing as a baseline,
our general modeling approach was to constrain a range of
GSI values that allowed for the observed 1964 collapse to
occur, given a moderate (M ~ 5) earthquake. To achieve this,
we back-calculated GSI values corresponding to a critical
SRF of 1 for each modeled seismic coefficient.

The models use a pseudo-static slope stability analysis
procedure to account for earthquake loading. This approach
applies a static horizontal force to each element of the model
based on a specified seismic coefficient to represent the
destabilizing effects of seismic loading (Ling et al. 1997).
We did not consider a vertical seismic loading component
because the influence of a vertical component on a pseudo-
static slope stability analysis is generally small for moder-
ately steep slopes under weak to moderate ground shaking,
and because the direction of force application (i.e., up or
down) is not documented, nor can it be reliably predicted
(Shukha and Baker 2008). The seismic coefficient repre-
sents ground motion during an earthquake, reported as a
fraction of the acceleration due to gravity (g). Seismic loads
are dynamic in nature; therefore, representing a maximum
transient seismic load as an equivalent static load tends to
overestimate the destabilizing effects of seismic loading
(Damjanac and Varun 2013). This approach nevertheless
allows us to explore seismic loading as a trigger mechanism.
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Gusev et al. (1998) provide a record of earthquake mag-
nitudes and ground motions for the Kamchatka peninsula
between 1969 and 1993. Adjusting for small (< 10 km)
epicentral distances (Fukushima and Tanaka 1990), which
is consistent with an earthquake directly below the edifice,
shallow (< ~40 km) earthquakes in the Kamchatka pen-
insula appear generally to produce peak ground accelera-
tions (PGA) between approximately 0.05 and 0.6 g. For our
analyses, we select a representative range of PGA values of
0.1-0.3 g to represent ground motions associated with mod-
erate (M ~5) earthquakes. Because the pseudo-static method
generally overestimates seismic loading, seismic coeffi-
cients are often taken as a fraction of the PGA. Using half
of the PGA (Hynes-Griffin and Franklin 1984) to develop
our pseudo-static seismic coefficients, we obtain a range of
seismic coefficients of 0.05-0.15 g to be used in our models.

Given the presence of a hydrothermal system within the
edifice (Belousov 1995), our models account for pore pres-
sures in the edifice by incorporating a groundwater table at
the ground surface. This simplified approach uses hydro-
static pressures, generated by the weight of groundwater,
to approximate hydrothermal pressures in the subsurface.
Numerical models performed by Reid (2004) suggest that
local hydrothermal pressurization deep within an edifice can
induce elevated pore-water pressures throughout the edifice,
far from where the system is locally pressurized. As such,
pore pressures significantly higher or lower than hydrostatic
pressures can develop throughout the edifice. Modeling a
groundwater table provides a simple approximation of pore
pressures in the edifice without adding uncertainty by incor-
porating the complex effects of far-field hydrothermal pres-
sures as hypothesized by Reid (2004).

We assumed a typical bulk rock unit weight of 23 kN/m?
for all our analyses. Given that bulk rock unit weights can
vary significantly based on the condition of the rock mass
and the geochemical and physical composition of the intact
rock, the unit weight was held constant to reduce variabil-
ity in the model results associated with uncertainty in these
parameters.

The residual strength of a rock mass tends to be signifi-
cantly lower than its peak strength as the rock mass structure
and surface conditions are disturbed during shearing (Hoek
and Bray 1981; Cai et al. 2007; Reid et al. 2010). Cai et al.
(2007) evaluate typical peak and residual rock mass proper-
ties for various crystalline and sedimentary rock masses,
accounting for reductions in block size and surface qual-
ity, and show strength reduction equivalent to reducing the
GSI of the rock mass between 45 and 65%, with the percent
reduction for crystalline rocks tending toward the upper end
of this range. To account for post-peak rock mass strength
reduction without introducing unnecessary variability in
the model behavior, we assume a constant 60% reduction
in GSI from peak to residual conditions for all model cases.
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This reduction is assumed to take place instantaneously in
the FEM models, although in reality the reduction may take
place gradually through strain softening behavior, especially
for the models with lower rock mass strength (Wang et al.
2011). Because the failure surface is known to be contained
within the lava domes of Young Shiveluch, the subsurface is
assumed to uniformly consist of lava dome material, which
reduces complexity in the model inputs and results.

Evidence of compressional, extensional, and strike-slip
tectonic stress regimes in eastern Kamchatka (Heidbach
et al. 2018) is likely the result of complex stress patterns
associated with the junction of the Kuril-Kamchatka and
Aleutian subduction zones (Seno et al. 1996). Thus, we use
a horizontal-to-vertical in situ stress ratio of 1 assuming that
convergence associated with subduction produces moderate
horizontal stresses in the subsurface.

We do not apply a tensile strength cutoff to the rock mass
strength envelope due to a lack of site-specific data. There-
fore, the rock mass strength may slightly overrepresent the
resistance to failure by extension.

6 Results
6.1 Geotechnical Testing

The samples from Ruapehu exhibit a wide range of porosi-
ties (3.64-30.43%), UCS values (34-258 MPa), and Young’s
modulus values (7-32 GPa), which allows for modeling
the end-member extremes of andesite mechanical proper-
ties. The unaltered lava, Sample 1, is less porous, stronger,
stiffer, and more brittle than the altered surface lava, Sample
2 (Table 1; Fig. 5). Given typical trends in porosity-strength
curves in volcanic rock (e.g., Schaefer et al. 2015), the sub-
surface sample (Sample 3) has anomalously low strength
for its porosity. This suggests that the sample has a high
percentage of weak clay that has precipitated into most of
the crack and pore space, in addition to the alteration of pri-
mary minerals to weaker secondary minerals [as observed
for clay-dominated altered rocks in Wyering et al. (2014)
and Mordensky et al. (2019)]. Although the dome material
properties at depth are unknown, evidence of a hydrothermal

Table 1 Laboratory-determined porosity, uniaxial compressive
strength (UCS), Hoek-Brown material constant m;, and Young’s
modulus values for intact rock samples from Ruapehu

No Sample description Porosity (%) UCS (MPa) m; E (GPa)

1 Unaltered lava (sur- 5.59 258 33 32
face)

2 Altered lava (surface) 30.43 34 7 7

3 Altered lava (subsur- 3.64 92 13 18
face)

250 T T T T T
Sample 1 (unaltered surface lava) a
Sample 2 (altered surface lava)
Sample 3 (altered subsurface lava)
200
g 150
2
0
0
o
o 100
50
O “/’ 1 1 1 L 1
0 0.002 0.004 0.006 0.008 0.01 0.01
Strain (mm/mm)
600 T T T T T
%  Sample 1 (unaltered surface lava) b
Sample 2 (altered surface lava)
500 F Sample 3 (altered subsurface lava)
w©
o
= 400
[}
(7]
o
®
© 300
2
g 1
s
5 200
T
=
1004
0 . L . . .
0 5 10 15 20 25 30

Minor principal stress (MPa)

Fig.5 Geotechnical test results. a Representative stress—strain
curves for each block in uniaxial compression. b Strength envelopes
for each block under various confining stresses in triaxial compres-
sion

system and extensively altered material in the debris ava-
lanche deposits suggest that material with low porosity and
low strength may exist within the edifice. Samples 1 and 2
represent upper and lower end members of the estimated
ranges of possible strength values for the pre-collapse dome
materials, respectively. Sample 3 represents middle-range
strength values that likely represent the dome material at
depth, where the failure is known to have occurred.

6.2 Constraining Material Properties

We determined the back-calculated GSI values correspond-
ing to a critical SRF of 1 for a range of seismic coeffi-
cients for each of the three tested materials (i.e., upper end
member, middle range, and lower end member). Figure 6
shows GSI-seismic coefficient curves representing stability
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Gsl
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10 + Extensional collapse

0 . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3

Seismic Coefficient (g)

Fig.6 Combinations of Geological Strength Index (GSI) values and
seismic coefficients that produce marginally stable conditions (criti-
cal strength reduction factor ~ 1). Combinations leading to extensional
collapse are highlighted by shaded circles

envelopes for each material, where points on the curves cor-
respond to critical SRF values of approximately 1. The zones
above and below each envelope represent zones of stabil-
ity and instability, respectively, for each material. To better
illustrate trends in the stability envelopes, Fig. 6 shows a
range of seismic coefficients from 0 to 0.25 g, which extends
beyond the estimated range of 0.05-0.15 g.

Model results using upper end-member intact material
properties show that the dome is generally stable for seismic
coefficients less than 0.1 g and requires a rock mass of very
poor quality (i.e., GSI <20) to induce failure for seismic
coefficients between 0.1 and 0.15 (Fig. 6). This GSI range
corresponds to a surface condition description of “very
poor” to “poor” (Fig. 7). For fresh lava, discontinuity sur-
faces can typically be described as “good” to “very good”
(Mordensky et al. 2018a). As such, GSI values less than
20 are unlikely, which suggests that the upper end-member
geomechanical properties probably overestimate the true
bulk dome properties.

The results also show that when the lower end-member
intact material properties are considered, the dome tends

Fig.7 Geological Strength
Index (GSI) chart modified
from Hoek et al. (2013) show-
ing back-calculated ranges of
GSI values from the finite ele-
ment slope stability models

at marginally stable (critical
strength reduction factor~ 1)
conditions. Lower end-member
(“Lower”) intact material
properties require GSI values
greater than about 80. Upper
end-member (“Upper”) intact
material properties correspond
to GSI values less than about
20. Middle-range (“Middle”)
material properties require GSI
values between about 30 and 60
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to be unstable for any GSI value less than approximately Maximum plastic a
80-85 for seismic coefficients within the expected range of Sgear straln <oos
0.05-0.15 g (Fig. 6). According to Hoek et al. (2013), a GSI 5 063 Sz Jw"
value of ~ 80 generally corresponds to a discontinuity surface L 0e.p Critical SRF = 0.995

description of “very good” (Fig. 6). Given “very poor” to .

“poor” discontinuity surface conditions associated with the b s

extensive alteration of the lower end member, GSI values
near 80 are highly improbable for this material. This sug-
gests that the lower end-member geomechanical properties
probably underestimate the true bulk dome properties.

For seismic coefficients within the expected range of
0.05-0.15 g, the middle-range intact material properties
require GSI values between approximately 30 and 60 for
marginal stability (Fig. 6). This range of GSI values cor-
responds to a range of discontinuity surface descriptions
from “poor” to “good,” which is reasonable for a rock mass
consisting of variably altered andesite. Moon et al. (2005)
and Heap et al. (2019a, b) suggest that GSI values for typical
fractured lavas tend to fall within a range of about 50-60,
and alteration tends to reduce that range by reducing surface
quality (Mordensky et al. 2018a). Therefore, the range of
GSI values obtained given the expected range of seismic
coefficients appears to be reasonable for the pre-collapse
dome materials at Young Shiveluch.

6.3 Edifice Failure Mode

Figure 8 shows the development of maximum plastic shear
strain in the dome for models with middle-range intact mate-
rial properties and back-calculated GSI values between 33
and 60, corresponding to seismic coefficients between 0.05
and 0.15 g. The assumed failure surface shown in Fig. 3
[based on Ponomareva et al. (1998)] is overprinted on the
models shown in Fig. 8. The model results shown in Fig. 8
are at one to two strength-reduction stages past the critical
SREF (i.e., the SRF is up to approximately 3% higher than the
critical SRF) to show failure propagation.

For a seismic coefficient of 0.05 g and a back-calculated
GSI value of 33 (Fig. 8a), strain is primarily concentrated
along an extensional half-graben in the upper portion of
the dome with an incipient deep-seated failure surface also
developing within the dome. The deep-seated failure surface
is shallower than the assumed failure surface.

For a seismic coefficient of 0.1 g and a back-calculated
GSI value of 45 (Fig. 8b), strain is primarily concentrated
along a deep-seated failure surface that is shallower than
the assumed failure surface but has a similar shape. The toe
of the modeled failure surface exits the slope at the same
location as the assumed failure surface. The model results
also show the development of a deeper shear band below the
assumed failure surface, which suggests that failure is propa-
gating along two deep-seated surfaces. The assumed failure
surface generally aligns with the upper portion of the deeper

2.5e-2 Assume

failure surface

1km

Maximum plastic b
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GSI =45 N\w
7.0e-3 SRF = 1.05
Critical SRF = 1.02
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2.8e-2

3.5e-2

Assumed
failure surface
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1.8e-2
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Fig. 8 Finite element slope stability model results showing concen-
trations of plastic shear strain in the dome at one to two stages past
a critical strength reduction factor (SRF) of~1, using middle-range
intact material properties. a Seismic coefficient=0.05 g, Geological
Strength Index (GSI)=33. b Seismic coefficient=0.10 g, GSI=45. ¢
Seismic coefficient=0.15 g, GSI=60

failure surface (i.e., near the headscarp), and the lower por-
tion of the shallower failure surface (i.e., near the toe).

For a seismic coefficient of 0.15 g and a back-calculated
GSI value of 60 (Fig. 8c), strain is primarily concentrated
along an extremely deep-seated failure surface, which pro-
jects significantly deeper into the edifice than the assumed
failure surface. Based on the modeled shear strains, where
the failure surface exits the slope is unclear.

The failure modes shown in Fig. 8a, c (extensional half-
graben and extremely deep-seated shear, respectively) do
not match the observed 1964 post-collapse topography (i.e.,
the assumed failure surface). The depth and curvature of
the failure surface shown in Fig. 8b match the post-collapse
topography reasonably well; therefore, this model is a bet-
ter representation of the observed 1964 failure. In addition,
if both the upper and lower shear bands are mobilized, a
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composite surface could develop, producing a geometry that
very closely matches that of the 1964 collapse. Based on
these results, the model presented in Fig. 8b (seismic coef-
ficient=0.1, GSI=45) is our best approximation of the 1964
failure. Accordingly, we select a representative GSI value of
45 as a baseline for additional sensitivity modeling.

Figure 9 shows how the failure propagates over several
stages of strength reduction analysis for the model using
middle-range intact material properties, a seismic coefficient
of 0.1, and a representative GSI value of 45. At a critical
SRF of 1.02 (Fig. 9a), strain is concentrated along conjugate
shear surfaces corresponding to maximum and minimum
principal stresses in the vertical and horizontal directions,

Maximum plastic a
shear strain

Critical SRF = 1.02

7.0e-3
1.4e-2
2.1e-2
2.8e-2

3.5e-2 Assume

failure surface

1km
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2.1e-2
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1 km
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- SRF = 1.05
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1km

Fig.9 Finite element slope stability model results showing develop-
ment of maximum plastic shear strain in the edifice for middle-range
material with a Geological Strength Index (GSI) value of 45 and a
seismic coefficient of 0.1. a Model results at a critical strength reduc-
tion factor (SRF) of ~1 showing initial stage of failure under exten-
sional collapse. b Model results at one stage past the critical SRF
showing the failure mode in transition from extensional collapse to
deep-seated rotational failure. ¢ Model results at two stages past the
critical SRF with shear strain concentrations showing deep-seated
rotational failure as the dominant failure mode
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respectively. This failure mode suggests the formation of
an incipient extensional graben in the upper portion of
the dome. At one stage past the critical SRF (SRF=1.03)
(Fig. 9b), the failure mode begins to shift toward deep-
seated rotational failure as strain concentrates in the toe of
the slope. At two stages past the critical SRF (SRF=1.05)
(Fig. 9¢), deep-seated rotation is the predominant failure
mode (also shown in Fig. 8b).

For our simulations involving the upper end-member
intact material properties, rotational failure is generally the
predominant failure mode. For model cases using the lower
end-member intact material properties, the failure mode
is characterized by either rotational failure or extensional
collapse, depending on the modeled GSI and seismic coef-
ficient. Figure 10 shows an example of extensional collapse
as the dominant failure mechanism at the critical SRF for
lower end-member material using a GSI value of 85 and a
seismic coefficient of 0.05. The stability envelope for the
lower end-member material in Fig. 6 suggests that at margin-
ally stable conditions (critical SRF=1), GSI values are rela-
tively constant over the tested range of seismic coefficients.
This stability envelope differs from those of the upper end-
member and middle-range materials in that the GSI required
to reach marginally stable conditions does not increase with
increasing seismic coefficients (Fig. 6). This appears to be
associated with a change in failure mode from relatively
shallow extensional collapse to deep-seated rotational fail-
ure. Figure 6 highlights the cases in which the failure mode
is dominated by extensional collapse. Here, it appears that
additional seismic energy is used to mobilize more material
at greater depth. The physical significance of this result is
limited because the lower end-member material properties
used in our models are unrealistic according to the modeled
back-analysis.

Maximum plastic
shear strain
0

5.0e3  (yitical SRF = 1

1.0e-2

1.5e-2
2.0e-2
2.5e-2

Fig. 10 Maximum plastic shear strain and deformed topography for
lower end-member material with a Geological Strength Index (GSI)
value of 85 and a seismic coefficient of 0.05 g at a critical strength
reduction factor (SRF) of 1. Pattern of deformation illustrates that
extensional collapse is the dominant failure mode under these condi-
tions. Original topography is shown in black
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6.4 Sensitivity Analysis

We performed a sensitivity analysis of the input param-
eters GSI, UCS, m;, and the seismic coefficient to evalu-
ate whether the stability of the dome is highly sensitive to
changes in these parameters. Here, we varied each param-
eter individually relative to a baseline value to examine
its influence on the critical SRF (Fig. 11). The baseline
UCS and m; values are those of the middle-range material
(UCS =92 MPa, m;=13). The baseline GSI and seismic
coefficient values are those at the middle of the expected
range of values for the middle-range material (GSI=45,
seismic coefficient=0.1 g). These baseline values are the
same as those used for the models shown in Figs. 8b and 9.
Based on the results of the sensitivity analysis, dome sta-
bility appears to be most affected by changes in GSI. For
changes in GSI up to 50%, the critical SRF changes by up to
approximately 35%. The maximum change in critical SRF
occurs at+50% change in GSI; there is only an approxi-
mately 25% change in critical SRF at — 50% change in GSI.
Thus, critical SRF values appear to be especially sensitive
to changes in GSI when GSI is relatively high. Dome stabil-
ity appears to be only moderately sensitive to changes in
UCS and m; when compared to GSI; for changes in UCS up
to 50% from the baseline, the critical SRF correspondingly
changes by up to 20%. Changes to the m; parameter affect the
critical SRF similarly, although we have lower confidence
in this interpretation, because the results for m; are more
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Fig. 11 Results of sensitivity analysis for Geological Strength Index
(GSI), uniaxial compressive strength (UCS), the Hoek—Brown mate-
rial constant m;, and seismic coefficient. Baseline (0% change) UCS
and m; values are those of the middle-range material (UCS =92 MPa,
m;=13). Baseline GSI and seismic coefficient values are those at the
middle of the back-calculated range of values for the middle-range
material (GSI=45, seismic coefficient=0.1 g). Significant drops in
GSI below the overall trends are caused by a change in failure mode
from deep-seated rotation to extensional collapse (shaded circles)

variable. Dome stability appears to be roughly as sensitive
to changes in seismic coefficient as it is to UCS and m;.

For some parameter values, the sensitivity analysis
shows local deviations in critical SRF values from the over-
all trends for UCS, m;, and GSI. In some cases, the critical
SRF values are well below the expected values according to
the trends (Fig. 11). For all these cases, the dominant failure
mode is extensional collapse, rather than deep-seated rota-
tional failure. This result suggests that for the given dome
geometry and the modeled ranges of input parameters, the
dome is marginally stable for both failure modes, and spe-
cific combinations of input parameters tend to lead to one
failure mode over the other. However, there does not appear
to be a well-defined pattern of parameter combinations cor-
responding to changes in the failure mode.

7 Discussion
7.1 Shiveluch Dome Material Properties

The end-member intact material properties used in our mod-
els bracket possible ranges of material properties for variably
altered andesite. Using these properties, the back-calculated
GSI values (GSI< 20 and > 80, respectively), corresponding
to marginal slope stability, are at the margins of the GSI
chart (Fig. 7); thus, they are unlikely to be present given the
surface conditions associated with fresh andesite lava (upper
end-member) or extensively altered andesite lava (lower
end-member) (Hoek et al. 2013). As such, it is unlikely that
the domes at Young Shiveluch consisted entirely of either
of these materials prior to the 1964 collapse. However,
the intact properties of these end-member materials are
not unrealistic in volcanic environments, especially those
with active hydrothermal systems. del Potro and Hiirlimann
(2008) compile strength properties for volcanic rocks from
the published literature (at least 25 sources) and provide
typical ranges of UCS values for fresh and altered intact
lava. Based on these literature values, the UCS of fresh lava
typically ranges from about 37-342 MPa with a mean of
113 MPa, and the UCS of altered lava typically ranges from
about 18—41 MPa with a mean of 30 MPa. Our upper end-
member intact material (UCS =258 MPa) lies within the
upper portion of the range for fresh lava, while our lower
end-member intact material (UCS =34 MPa) is just above
the mean value for altered lavas. Our middle-range mate-
rial (UCS =92 MPa) lies between the mean values for fresh
and altered lavas. Thus, our selected intact materials cover
an appropriate range of intact strengths for slope stability
modeling of a variably altered lava dome, and it is likely that
parts of the pre-collapse Shiveluch edifice could have con-
sisted of materials similar to those tested here. Based on our
model results, the overall dome materials were more likely
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to be similar to our middle-range material or a combination
of materials with properties varying between those of the
upper and lower end-member materials.

Lava domes are commonly heterogeneous, and hydrother-
mal systems tend to form local zones of extensive alteration
surrounded by zones of more competent material within the
dome (e.g., Voight 2000). Furthermore, lava within a dome
can be emplaced at high temperatures and pressures, which
can lead to ductile deformation in the interior of the dome
while the lava is hot, subsequently affecting failure mecha-
nisms and slope-stability thresholds (Smith et al. 2011;
Heap et al. 2016; Coats et al. 2018). Accordingly, the pre-
collapse domes were most likely composed of a combina-
tion of extensively altered lava, fresh lava, and intermediate
material at varying temperatures and pressures. Because our
slope stability models assume that the dome composition is
homogeneous, the middle-range material properties prob-
ably represent a reasonable composite average of the dome
material properties at Young Shiveluch at the time of the
1964 collapse.

In general, it is difficult to assign GSI values to rock
masses in volcanic environments due to the heterogeneous
nature of the rock and the variability in discontinuity surface
quality associated with localized alteration and weathering
(Apuani et al. 2005b; Moon et al. 2005; del Potro and Hiir-
limann 2008). Rock masses are particularly difficult to char-
acterize at depth in active volcanic environments. Numerical
models help to constrain ranges of GSI values for hetero-
geneous rock masses to characterize rock mass quality as a
composite whole, especially when the rock mass cannot be
observed directly at depth. The underlying assumption of
the GSI system is that a rock mass contains sufficient ran-
domly oriented fractures to be considered a homogeneous,
isotropic continuum (Marinos and Hoek 2001). For a large
(> 1 km?®) dome collapse, the scale of fractures and hetero-
geneities in the rock mass is very small relative to the scale
of the overall slope. Based on the curvature of the post-1964
surface topography (from Ponomareva et al. 1998), which
roughly coincides with the curved failure surface of the col-
lapse (Figs. 8b, 9), the failure does not appear to be structur-
ally controlled. This suggests that the material continuum
assumption holds for this event and that the back-calculated
range of GSI values for the middle-range dome materials is
a valid approximation of the rock mass quality (GSI range
of approximately 30-60).

7.2 Modeling Earthquake Ground Motions

Site-specific ground accelerations depend on the distance
from the seismic source and the quality of the rock through
which seismic energy propagates (GovindaRaju et al. 2004).
The site-specific peak ground acceleration (PGA) at Young
Shiveluch during the earthquake that likely triggered the
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1964 collapse is unknown. We estimated a range of PGA
values of 0.1-0.3 g for this event, which is representative
of M ~5 earthquakes in Kamchatka based the records pre-
sented by Gusev et al. (1998), adjusted for small epicentral
distances, consistent with a shallow earthquake under the
edifice. We used seismic coefficients equal to one half of
the PGA (0.05-0.15) for pseudo-static seismic slope stabil-
ity analyses of the dome. Our sensitivity analysis results
suggest that the stability of the dome is roughly as sensitive
to changes in seismic coefficient as it is to intact material
strength parameters, so this is an important factor to con-
strain. Using the estimated range of seismic coefficients and
the middle-range material properties, the resultant range of
GSI values (approximately 30-60) is reasonable for a frac-
tured and variably altered lava dome (Moon et al. 2005).
Therefore, because the modeled combinations of seismic
coefficients and material properties result in failure geom-
etry similar to the assumed failure surface (Fig. 9), we con-
sider that the modeled seismic coefficients are a reasonable
representation of the ground motions during the event.

The pseudo-static method of seismic slope stability analy-
sis applies a static load to the model elements to represent
transient seismic loading. This approach is often considered
a conservative method of analysis, because the destabilizing
effects of a static load are greater than those of an equivalent
transient load (Damjanac and Varun 2013). We recommend
future volcanic collapse studies should attempt to account
for transient seismic loading in their modeling approaches
(e.g., using FDM to apply dynamic seismic loads). In addi-
tion, given the importance of the magnitude of seismic load-
ing to the model results, and to slope stability in general, it is
critical to continue developing the capabilities of commer-
cially available numerical modeling methods, such as FEM,
to account for transient seismic loading using site-specific
ground motion parameters.

7.3 Edifice Failure Modes

The results of our sensitivity analysis (Fig. 11) suggest that
for a given set of model parameters, extensional collapse
and deep-seated rotation are both possible, and that the pre-
collapse Shiveluch domes may have been marginally sta-
ble with respect to both failure modes. Most of the slope
stability model results show evidence of initial extensional
structures such as normal faults and grabens near the crest
of the dome, after which the dominant failure mode becomes
rotational (Fig. 9). Models showing extensional collapse as
the dominant failure mode tend to have lower factors of
safety, as highlighted in Fig. 11. However, the failure sur-
faces for models failing by deep-seated rotation (Figs. 8b,
¢, 9) match the observed 1964 collapse geometry (Fig. 3)
reasonably well, whereas failures resulting from extensional
collapse (e.g., Fig. 10) less closely resemble the observed



Material Properties and Triggering Mechanisms of an Andesitic Lava Dome Collapse at Shiveluch... 2723

1964 geometry. In many model cases, initial local extension
is accompanied by incipient deep-seated rotational defor-
mation, which ultimately dominates as failure progresses.
Based on these results, we hypothesize that the 1964 dome
collapse at Shiveluch may have initiated by local extensional
failure, which then transformed to deep-seated rotation with
the progression of failure deeper into the edifice.

Because we did not apply a tensile strength cutoff to the
rock mass strength envelope, the tensile strength may be
slightly overestimated in the models; as such, it is possible
that the role of local extension in the dome failure models
could be underrepresented. Nevertheless, local extension
appears to have played an important role in the collapse.

The published literature reports several cases of lava
dome collapse that have occurred through local extension
and tensile rupture [e.g., Mt. Unzen, Japan (Ui et al. 1999);
Santiaguito volcano, Guatemala (Hornby et al. 2019)].
Dome topography generally contributes to local exten-
sional stress regimes, as domes tend to be oversteepened
and are susceptible to outward creep as additional material
is emplaced (Zorn et al. 2019). Furthermore, hydrothermal
pressures within the dome can contribute to tensile fractur-
ing in the rock mass, conditioning the dome for extensional
failure (Hornby et al. 2019), although such hydrothermal
pressures can also contribute to deep-seated shear failure
(Reid 2004). However, we show that a seismic trigger asso-
ciated with magma ascent at depth, without accompanying
excess hydrothermal pressures, can also produce the deep-
seated shear failure observed at Shiveluch.

Extensional structures on a broader scale can also pro-
mote large-scale edifice collapse, such as at Mount Etna
(Sicily, Italy), where the southern and eastern sectors of the
cone are sliding radially outward along basal weak layers,
causing extension in the edifice and compression and thrust-
ing at the bases of the flanks (Borgia et al. 1992; Murray
2019). Such large-scale extension can contribute to the for-
mation of local extensional structures near the summit while
also promoting deep-seated collapse (Borgia et al. 1992;
Delcamp et al. 2008; Schaefer et al. 2013). Whether a basal
weak layer (e.g., clay-rich materials or pyroclastic deposits)
existed beneath the pre-collapse domes at Young Shiveluch
is unclear due to a lack of site-specific evidence; however,
because the model results show that extension in the edifice
and deep-seated collapse is possible with a homogeneous
edifice, a basal weak layer at Shiveluch is likely not neces-
sary for the observed failure to occur.

Three-dimensional (3-D) topography in our models is
represented by a two-dimensional (2-D) slope profile. As
such, deformation is modeled under plane—strain and does
not account for 3-D edge effects (Leshchinsky et al. 1985;
Xing 1988) or the topographic effects of a radial edifice
(Reid et al. 2000). In general, 2-D slope stability analyses
tend to be conservative because they underestimate the

factor of safety (critical SRF) when compared to 3-D analy-
ses (Cavounidis 1987; Duncan 1996). For this reason, 2-D
back-analyses of material properties commonly overestimate
strength properties; thus, our back-calculated strength prop-
erties (namely GSI) may be slightly overestimated. Xing
(1988) suggests that 2-D slope stability analyses become
more conservative as slopes become more concave (i.e.,
decreasing radius of curvature) due to the increasing contri-
bution of side resistance. Thus, a radial volcano edifice with
generally convex terrain should be fairly well represented by
a 2-D analysis in terms of factor of safety. Nevertheless, the
modeled stability thresholds and failure modes may change
when considering 3-D topographic effects. Future studies
should explore whether extension in the upper edifice (i.e.,
graben formation), as shown in our models, occurs when
accounting for 3-D topography.

7.4 Preconditioning Factors and Triggers
for Collapse

The stability envelopes for the pre-collapse Shiveluch edi-
fice shown in Fig. 6 suggest that the edifice could have col-
lapsed without an earthquake trigger (i.e., critical SRF~1
for a seismic coefficient of 0). However, for this to occur,
the back-calculated GSI would need to be about 80-90 for
rock masses composed of our lower end-member material
and about 25-30 for rock masses composed of our middle-
range material. As shown in Fig. 7, GSI values greater than
80 are highly unrealistic for our lower end-member mate-
rial, so this scenario is unlikely. Similarly, GSI values of
25-30 for our middle-range material correspond to a surface
quality description of “fair” to “poor” and require the rock
structure to be “disturbed” to “disintegrated” (Fig. 7). This
is generally very poor rock mass quality for fractured lavas.
Moon et al. (2005) and Heap et al. (2019a, b) suggest that
GSI values for typical fractured lavas tend to fall within a
range of about 50—60. del Potro and Hiirlimann (2008) cite
GSI values in the published literature from about 40-85
with a mean value of about 55, and report that for the worst
possible surface condition (i.e., weathered, smooth surfaces
with clay infilling), the minimum possible GSI for lava is
about 35. For our middle-range material, the lower bound
of our back-calculated GSI range (GSI=33) is only margin-
ally feasible, and a GSI of less than 30 is even less feasible.
Thus, the likelihood of the 1964 Shiveluch collapse occur-
ring without an external trigger is very low.

Since the 1964 collapse, Shiveluch has experienced epi-
sodes of dome growth from 1980 to 1981, 1993-1995, and
2001-2016 (Krippner et al. 2018; Gorbach et al. 2020).
Krippner et al. (2018) summarize the growth and collapse
sequence for a period of relatively rapid (~ 10°~10° m*/day)
dome growth that occurred between 2001 and 2013. Eight
partial dome collapses occurred during this time, but they
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were not necessarily triggered by seismic loading. During
rapid dome extrusion, lobes and spines can quickly become
oversteepened and are thus highly susceptible to collpase
(Voight 2000; Harnett et al. 2018; Krippner et al. 2018).
Such partial collapses commonly occur without external
triggers, as failure tends to be initiated by the exceedence
of critical stress thresholds due to dome size or oversteep-
ening associated with growth (Voight 2000). However, for
large, deep-seated dome failures to occur, other triggering
mechanisms are often necessary (Siebert 1984; Harnett
et al. 2018; Elsworth et al. 2019). This is well documented
in Kamchatka, where numerous large collapses have been
triggerecd by internal and/or external loading, such as at
Bezymianny volcano [1956 collapse triggered by crypto-
dome intrusion and associated seismicity (Belousov 1996;
Ponomareva et al. 2006)], Kamen volcano [1.2 ka collapse
triggered by earthquakes associated with the eruption of
nearby Bezymianny volcano (Ponomareva et al. 2006)], and
Bakening volcano [late Pleistocene and early Holocene col-
lapses triggered by strong tectonic earthqaukes (Melekestsev
et al. 1999; Ponomareva et al. 2006)].

This evidence suggests that major volcanic collpses in
Kamchatka are strongly controlled by earthquakes, whereas
smaller collapse events tend to be controlled by rapid dome
growth and gravitational loading. However, for major deep-
seated collapses to occur, edifices must also be sufficiently
preconditioned for instability (i.e., through sufficient over-
steepening and/or strength reduction due to internal fluid
pressures) before an earthquake can trigger collapse (Voight
2000; Elsworth et al. 2019). Therefore, although moderate
(M ~5) earthquakes occur frequently in Kamchatka [recur-
rence intervals of months to years (Gusev et al. 1998)],
major volcanic collapses occur far less frequently [recur-
rence intervals of decades to centuries (Ponomareva et al.
2006)] because of the time required for preconditioning to
occur. In addition, evidence of major volcanic collapses
being triggered by tectonic earthquakes (e.g., Bakening
volcano) suggests the 1964 Shiveluch collapse theoretically
could have been triggered by a tectonic, rather than mag-
matic, earthquake, provided that the edifice was sufficiently
preconditioned for collapse.

7.5 Implications for Volcanic Hazards

Hydrothermal alteration can contribute to volcanic insta-
bility by increasing the ratio of weaker secondary min-
erals to stronger primary minerals, lowering the overall
strength of rocks (Reid et al. 2001; Siratovich et al. 2016;
Mordensky et al. 2019). In particular, acid sulfate—argillic
alteration replaces stronger minerals with weaker clays
such as kaolinite and smectite, which can cause signifi-
cant weakening (Reid et al. 2001; Ball et al. 2015). The
influence of alteration is evident in Sample 3 used in this
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study, which has lower strength compared to the unaltered
Sample 1 with a similar porosity. While there is very little
description in the published literature of the degree, type,
and pervasiveness of alteration in the pre-1964 Shiveluch
domes, the active hydrothermal system at Young Shive-
luch and the altered blocks in the resulting debris ava-
lanche deposits (Belousov 1995), suggest that the dome
was at least partially altered. Strength reduction associated
with hydrothermal alteration thus likely played a role in its
collapse susceptibility.

In addition to mineral replacement, alteration can also
lead to clay mineral precipitation into cracks and pore
spaces, reducing porosity and permeability and promoting
pore-pressure buildup that can lead to explosive behavior
(Siratovich et al. 2016; Heap et al. 2019a; Kennedy et al.
2020). Uncapping of a highly pressurized hydrothermal and/
or magmatic system following dome collapse can trigger
violent explosive activity, such as the phreatic eruption that
followed the dome collapse at Shiveluch. In addition, the
mobilization of extensively altered material in major col-
lapse events can lead to debris avalanches that transform
into cohesive lahars, which are highly mobile and can travel
excessively far from their sources [e.g., Pico de Orizaba,
Mexico (Carrasco-Nuiez et al. 1993)]. Thus, determining
the degree and extent of hydrothermally altered material is
critical for assessing multi-hazard collapse events (Crow-
ley and Zimbelman 1997; Pallister et al. 2019). Advances
in spectroscopy (Kereszturi et al. 2018; Schaefer et al.
2020) and geophysical techniques (Rosas-Carbajal et al.
2016, 2017; Miller et al. 2020) allow for the identification
of zones of hydrothermal alteration at the surface and at
depth, which could increase the accuracy of volcanic stabil-
ity assessments.

While major volcanic collapse events might occur with
little warning [hours to days (Voight et al. 1999)], advance
seismic monitoring (Passarelli et al. 2018; Dempsey et al.
2020) could aid in the forecasting of such events if both
the state of stability of a dome is constrained (i.e., through
slope stability analysis), and collapse is preceded by a period
of magma or hydrothermal fluid intrusion into the edifice,
as opposed to a rapid influx. This is uncommon, however,
because major dome collapses often coincide with major
pulses of magma extrusion (Loughlin et al. 2010).

While characterizing the physical and mechanical prop-
erties of intact rocks and rock masses in complex, dynamic
volcanic environments is challenging, constraining these
properties, such as through the combined use of laboratory
and numerical methods used herein, is critical for the devel-
opment of realistic volcanic hazard models (del Potro and
Hiirlimann 2008; Heap et al. 2019b). Better identification of
material properties also aids in understanding the precondi-
tioning factors and triggers of past collapses, allowing for
better forward modeling of potential future collapses, the
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results of which can be incorporated into regional hazard
and risk assessments.

8 Conclusions

The following conclusions are based on the results of
our laboratory testing and finite element slope stability
modeling:

1. Using our measured upper and lower end-member mate-
rial properties, the required GSI values corresponding to
marginal model stability lie outside the realistic range
of GSI values for these rock types, which suggests that
the pre-1964 dome at Shiveluch probably did not con-
sist entirely of either of these end-member materials.
Rather, the dome is best represented in our analyses by
an equivalent continuum with properties closer to those
of the middle-range material. Nevertheless, at the out-
crop scale, the upper and lower end-member material
properties are generally realistic for portions of active
lava domes containing active hydrothermal systems.

2. Using the geomechanical properties of the middle-range
material in our models, we found that a range of GSI
values between approximately 30 and 60 appears to be
a reasonable estimate for a marginally stable, variably
fractured and partially altered lava dome.

3. Using a range of seismic coefficients of 0.05-0.15 g
(representing ground motions expected for a M ~5
earthquake), the model results provide realistic back-
calculated material strengths and failure geometries that
match the observed failure geometry reasonably well.
Therefore, we conclude that it is possible that seismic
loading alone could trigger failure of a variably fractured
and partially altered dome.

4. The 1964 dome collapse could have occurred by exten-
sional collapse or deep-seated rotational failure, or a
combination of both. The modeled failure surfaces asso-
ciated with deep-seated rotational failure fit the observed
post-failure topography better; thus, we assume that this
is a good representation of the final failure mode. Local
extensional failure appears to play an important role in
the early development of the collapse; therefore, the
development of extensional features in a dome (such as
in a creeping dome) could be interpreted as increasing
likelihood of failure in a subsequent triggering event.

5. Additional investigations into the complex interaction
between dome structures and mechanical properties,
triggering events, and failure mode, complemented by
advanced numerical modeling, remote sensing, and geo-
physical investigations, will lead to better understanding
and monitoring of collapse hazards on active volcanoes.
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