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Lava dome collapse hazards are intimately linkedwith their morphology and internal structure.We present new
lava dome emplacementmodels that use calibrated rock strengths and allowmaterial behaviour to be simulated
for three distinct units: (1) a ductile,fluid core; (2) a solid upper carapace; and (3) disaggregated talus slopes.We
first show that relative proportions of solid and disaggregated rock depend on rock strength, and that disaggre-
gated talus piles can act as an unstable substrate and cause collapse, even in domeswith a high rock strength.We
then simulate sequential dome emplacement, demonstrating that renewed growth can destabilise otherwise sta-
ble pre-existing domes. This destabilisation is exacerbated if the pre-existing domehas beenweakened following
emplacement, e.g., through processes of hydrothermal alteration. Finally,we simulate dome growthwithin a cra-
ter and show how weakening of crater walls can engender sector collapse. A better understanding of dome
growth and collapse is an important component of hazard mitigation at dome-forming volcanoes worldwide.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Lava domes pose a significant hazard when they become unstable
and collapse, generating rockfalls, debris avalanches and pyroclastic
density currents (Calder et al., 2002). Lava domes can also affect the
overall eruptive dynamics of a volcano, by affecting local stress fields
and by restricting outgassing. The local stress effects from a resident
lava dome can influence magma ascent direction (Lavallée et al.,
2012) and magma ascent rate (Zorn et al., 2019), whilst rapid removal
of dome material can release volatiles from an incompletely degassed
magma and lead to rapid decompression of the hot, fluid dome core
and thus cause explosive activity (Alidibirov and Dingwell, 1996;
Voight et al., 2006; Watts et al., 2002; Woods et al., 2002). Lava domes
can also encourage pore pressure augmentation within and beneath
the dome by inhibiting the escape of exsolvedmagmatic volatiles, a pro-
cess thought to promote explosive volcanic activity (Ball et al., 2015;
Collinson and Neuberg, 2012; Heap et al., 2019; Stix, 1993; Taisne and
Jaupart, 2008; Voight and Elsworth, 2000).

Lava dome hazards are highly dependent on dome morphology
(Wang et al., 2015), which is predominantly determined by the struc-
ture and material properties (such as rock strength) of the dome, as
).
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well as the topographic structures that exist in the vicinity of the volca-
nic vent, e.g., pre-existing domes or crater geometry. These topographic
structures are also vulnerable to alteration due to the efficient circula-
tion of hydrothermal fluids (Byrdina et al., 2017; Ghorbani et al.,
2018; Rosas-Carbajal et al., 2016), a process that can influence their ma-
terial properties, including strength (Cecchi et al., 2004; del Potro and
Hürlimann, 2009; Heap et al., 2019; Heap et al., 2021a; Reid et al.,
2002; Voight and Elsworth, 1997). Therefore, for a more complete un-
derstanding of dome stability hazards, one must consider dome struc-
ture, rock strength, and existing topographic features.

Lava dome growth andmorphology has been investigated using var-
iousmodellingmethods. Early analoguemodels investigated both New-
tonian (e.g., Huppert et al., 1982) and Bingham rheologies (e.g., Blake,
1990), with later models also considering the effect of cooling on
dome morphology (e.g., Fink and Bridges, 1995; Griffiths and Fink,
1993). A key conclusion from the later studieswas that futuremodelling
methods for lava dome growth should include formation of an ‘outer
crust’ (Fink and Griffiths, 1998; Griffiths and Fink, 1993). More recently,
a suite of modelling studies used the Finite Element Method (FEM) to
simulate lava dome growth, considering an independently deformable
talus region for the first time (Bourgouin et al., 2007; Hale, 2008; Hale
et al., 2007). Hale (2008) described lava dome growth as occurring on
two distinct timescales: (1) continuous expansion due to magma addi-
tion; and (2) readjustment of the talus material that has become de-
tached from the main body of the dome. These FEM models were the
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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first to infer complexmorphology of the rheological interface that exists
between the frictionless, ductile lava dome core, and an outer friction-
controlled talus.

More recent Discrete Element Method (DEM) models of lava dome
growth (Harnett et al., 2020; Harnett et al., 2018; Walter et al., 2019)
also simulated a simplified internal dome structure. These models
were, however, able to additionally simulate the short term, non-
equilibrium nature of rockfalls that had previously been approximated
as a critical-angle problem (Hale et al., 2009a, 2009b). Observations,
however, suggest that the internal structure of a dome is more complex
than reflected in existing models and likely comprises tripartite
partitioning of mass and energy (Calder et al., 2015; Huppert et al.,
1982; Szepesi et al., 2019; Wadge et al., 2009) into the following struc-
tural units: (1) a primarily fluid and viscous lava core; (2) an ‘upper car-
apace’ that acts as solid and coherent lava; and (3) talus that has
accumulated through rockfalls and disaggregation of the lava core
(Fig. 1). This distinction between the carapace and the talus has not
been captured in previous computational models, but is incorporated
in the newmodels presented here. The terms ‘solid carapace’ and ‘disag-
gregated talus’ are used throughout this article to refer to (2) and (3),
respectively. Full understanding of both the solid carapace and disaggre-
gated talus portions of a lava dome is key for considering advancement
and stability of the dome, as the disintegration of carapace to form talus
slopes provides stabilising confinement to the fluid dome core (Tuffen
et al., 2013).

In this contribution,wepresent a suite ofmodels that (1) incorporate
different material behaviours for the coherent and disaggregated solid
portions of the dome, allowing for more complex morphologies and
structures to be simulated; (2) calibrate the computational models to
incorporate realistic rock strengths and assess the effect of rock strength
on dome stability; (3) investigate the effect of sequential dome growth
on dome stability; and (4) investigate crater wall strength as a control-
ling factor in dome stability. A better understanding of dome growth
and collapse is an important component of hazard mitigation at
dome-forming volcanoes worldwide (Harnett et al., 2019b; Ogburn
et al., 2015).

2. Methods

2.1. Model setup

A complete description of the model setup is provided by Harnett
et al. (2018). In brief, the two-dimensional model uses the discrete
Fig. 1. Cartoon of an idealised lava dome structure, incorporating 1) a viscous fluid core;
2) a solid upper carapace; and 3) disaggregated talus. Existing models incorporate layers
(1) and (2). New models presented here include simulation of different behaviour for
each of the three layers.
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element method (DEM), a particle-based methodology that calculates
an explicit solution to Newton's laws of motion and updates the force
and moment per particle per timestep, thus computing a displacement
for each particle. The DEM is particularly pertinent for modelling lava
dome emplacement and stability as it allows for the visualisation of
localised strain within a lava dome that cannot be elucidated from sat-
ellite or photographic monitoring. In all models, a ‘batch’ of magma is
extruded from a conduitwith a diameter of 30m, and ‘batches’ continue
to be generated at depth during dome growth, thus simulating a con-
stant and infinite magma supply.

The models in this paper are produced using Particle Flow Code 6.0
(PFC), commercial software available from Itasca Consulting Group
(2017). Particles interact via contact bonds, defined by individual contact
models. Previous simulations (Harnett et al., 2018) incorporated parallel
bonds for the fluid core and flat joint bonds for the solid talus. The behav-
iour of each bond is governed by its normal and shear stiffnesses, as well
as its cohesive and tensile strengths. The parallel bonds used for the duc-
tilemagmaprovidefluidbehaviour by acting as a ‘point-style’ contact that
does not inhibit rotational resistance. For the ductile portion,we assume a
constant viscosity of 108 Pa in all models (Harnett et al., 2018); a more
complete sensitivity analysis to themicro-properties of themagmamate-
rial can be found in Husain et al. (2014).

Flat joint bonds are used for the solid upper carapace material in
models presented here. Flat joint bonds (Potyondy, 2012; Wu and Xu,
2016) are designed to simulate rock behaviour due to their increased in-
terlock and increased rolling resistance, when compared to the parallel
bond. The transition between fluid core material and the solid carapace
is outlined in detail by Harnett et al. (2018) and is a unidirectional tran-
sition based on the solidus pressure for a givenmelt composition. Couch
et al. (2003) calculated the stress conditions under which a melt ap-
proaches a maximum crystal packing content, such that its behaviour
can be approximated as a solid. Resultant solidus pressures are esti-
mated to range between 0.1 and 5MPa, dependent on eruptive temper-
ature (Hale, 2008). In all models presented here, we use a solidus
pressure of 0.8 MPa. A solidus pressure of 0.8 MPa, as computed by
Harnett et al. (2018), ensures that the core volume fraction is not too
large, such that the effects of a two-material solid region can be investi-
gated. Using a solidus pressure to control the fluid-solid transition also
limits the model in being able to explore exogenous dome growth for
the conditions simulated here, as it is not possible for magma to break
through the solid crust and reach the surface and form an exogenous
lobe (e.g., Fink et al., 1990).

In the models presented here, there is an additional transition from
material in the solid upper carapace to the disaggregated talus (Fig. 1).
This transition occurs when the stress on the carapacematerial exceeds
the strength of the contact bonds, and simulates fracturing of the solid
dome carapace through dome inflation via material addition to the
core (Zorn et al., 2019). This transition is also unidirectional, as it simu-
lates breaking of solid rock into loose blocks, and therefore these blocks
can never return to solid carapace material.

We newly incorporate the linear rolling resistance contactmodel (Ai
et al., 2011; Wensrich and Katterfeld, 2012) for all disaggregated talus
material. The behaviour of contact bonds with the rolling resistance
model is primarily defined by a friction coefficient and, unlike flat joints
or parallel bonds, rolling resistance contacts cannot be ‘bonded’ or
‘unbonded’, because these contacts do not have an associated cohesive
strength. By assigning the linear rolling resistancemodel to particle con-
tacts, a torque acts on the contact pieces to counteract rolling motion –
as the models presented here are two-dimensional, resistance to bend-
ing in the model is appropriate, as no twisting is possible. In all models
presented here, a rolling resistance friction coefficient of 0.84 is used,
corresponding to a friction angle of ~40° (sensitivity to this friction coef-
ficient is discussed briefly in Section 3.2). Although individual particles
are not intended to represent grains or rocks, by assigning the rolling re-
sistance contact model to the disaggregated talus region, thematerial is
effectively granular and can behave like a slope of loose blocks.
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An important boundary condition in the models represented here
exists where dome material meets the underlying topography (‘walls’
in PFC). At these interfaces, the linear rolling resistance contact model
is again incorporated, signifying that this material has a purely frictional
relationship with the topography. This means that no cohesive strength
exists between the domematerial and the topography, but also thatma-
terial cannot be infinitely pushed along the topography, because its fric-
tional properties resist motion.

As described by Harnett et al. (2018), the dome growth simulated in
thesemodels ismost akin to endogenous domegrowth aswedo not im-
plement an explicit mechanism for magma reaching the surface, but
rather the dome grows through material supplied to its interior.
2.2. Model calibration

It is possible to calibrate the solid modelled material (with flat joint
contacts) in PFCwith laboratory-scale samples (Potyondy, 2012; Fig. 2),
such that specific larger-scale scenarios can be simulated (e.g., Al-
Halbouni et al., 2018; Holohan et al., 2011; Poulsen et al., 2018;
Schöpfer et al., 2007). Here, we calibrate the modelled material by sim-
ulating uniaxial compressive strength tests (i.e., zero confining pres-
sure), following a well-established modelling procedure in PFC
(Potyondy, 2016; Potyondy, 2012). The additional benefit of using uni-
axial compressive strengths is the wealth of published laboratory data
compared with tensile or triaxial testing. For a full exploration of the
range of rock strengths expected in volcanic settings, we refer the
reader to Heap and Violay (2021). In order to draw broad conclusions
about the effect of rock strength on dome geometries, we do not cali-
brate to a specific suite of laboratory tests on volcanic rocks from a cer-
tain volcano, but rather we consider various ‘strength scenarios’ based
on existing knowledge about volcanic rock strengths and the applica-
tion of laboratory values to the field scale.

Several studies have shown that laboratory-scale strength values
must be upscaled in order to accurately represent field-scale behaviour,
due to the effect of large-scale discontinuities that cannot be captured in
the laboratory. There are various estimates as to how significant this
strength reduction is, with some studies suggesting reductions of up
to 96% in volcanic rocks (Heap et al., 2018; Okubo, 2004; Thomas
et al., 2004;Walter et al., 2019;Watters et al., 2000). In order to account
for the reduction in strength expected when laboratory-scale values are
upscaled to be applicable to field outcrops, and for the absence of frac-
tures in these models, we calibrate the PFC material to a range of
‘upscaled’ dome strengths.

Mechanical strength of volcanic rocks varies with rock type, poros-
ity, permeability, alteration state, and crystal content, among others
Fig. 2. (a) Stress-strain curves from repeated laboratory tests in Particle Flow Code (PFC), cal
stopped when the stress reaches 70% of peak stress. For each value of bond cohesion (Table 1
see Supplementary Material A. (b) An intact sample generated in PFC, where horizontal line
post-failure (i.e., after a compression test), showing crack formation (defined by bond breakage
occurs due to strain accommodation.
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(Heap and Violay, 2021, and references therein). In the absence of
rock samples for laboratory testing, textural observations such as poros-
ity (Fink andManley, 1987;Manley and Fink, 1987; Rhodes et al., 2018)
can be used to estimate rock strength using pre-established relation-
ships between strength and porosity for volcanic rocks (Heap and
Violay, 2021). Laboratory tests show that the uniaxial compressive
strengths of dacite varies from 9 to 171 MPa, and for andesite from 2
to 332 MPa (Heap and Violay, 2021), but existing estimates of upscaled
dome strength are in the region of 3.7 MPa (Walter et al., 2019) –
6.6 MPa (Heap et al., 2018). For simplicity, and following calibration of
the DEM model, we consider three scenarios for dome-scale strength
(Fig. 2, Table 1): (1) low strength rock with a UCS value of 4.5 ±
0.3 MPa (blue curves in Fig. 2a); (2) intermediate strength rock with a
UCS value of 11.5 ± 1.2 MPa (red curves); and (3) high strength rock
with a UCS value of 18.0 ± 1.07 MPa (black curves). These correspond
to cohesive bond strengths of 2, 5, and 10 MPa, respectively. In each
case, the cohesive to tensile bond strength ratio is maintained at a
value of 10, in broad alignment with laboratory tests of tensile strength
for volcanic rocks (Harnett et al., 2019a; Heap et al., 2021b; Heap and
Violay, 2021; Perras and Diederichs, 2014; Zorn et al., 2018).

An iterative calibration method is required because the absolute
values of micro-properties do not equate to the bulk sample properties,
i.e., cohesion at the particle-particle scale is not equivalent to the bulk co-
hesion of a laboratory-scale sample. We follow a well-documented cali-
bration procedure (Potyondy, 2016) which first creates a laboratory-
scale (40×100mm) sample in PFC (Fig. 2b), and thenperforms a uniaxial
compression test. For each bond cohesion, we ranmultiple numerical ex-
periments with different particle packing arrangements (by defining a
different random seed number); this is to simulate natural heterogeneity
that would be seen in laboratory testing, and to account for the variation
in packing that will exist in the dome-scale models. All other micro-
properties are kept constant; a detailed list of these can be found in Sup-
plementaryMaterial A. Stress-strain curves from these numerical exper-
iments are shown in Fig. 2a, where curves for bond cohesions of 2, 5, and
10 MPa are blue, red, and black, respectively. The peak axial stress ob-
tained in a given numerical experiment corresponds to its uniaxial com-
pressive strength (UCS). Fig. 2c shows an example of a post-failure
sample, showing the macroscopic failure plane (shear cracks shown in
magenta, and tensile cracks shown in orange). This sample-scale strength
can then be compared with laboratory values.
2.3. Model visualisation

Models are visualised in terms of (1) particle behaviour, i.e., parallel-
bonded fluid core (shown as red particles), flat-jointed solid carapace
ibrating the uniaxial compressive strength (UCS) of 40 × 100 mm samples. UCS tests are
), 10 tests are run given a different initial particle packing. For full material parameters,
s show walls that enable a compression test to be performed. (c) An example specimen
). Shear cracks shown inmagenta, and tensile cracks shown in orange. Sample shortening



Table 1
Rock strength scenarios used throughout, as calibrated in Particle Flow Code (PFC).

Rock strength
scenario

UCS (MPa) Bond cohesion
in PFC (MPa)

Low 4.5 ± 0.3 2.0
Intermediate 11.5 ± 1.2 5.0
High 18.0 ± 1.07 10.0

Uniaxial compressive strength (UCS) values are an average of ten calibration tests in PFC
using different random seed numbers to initiate packing, with an error shown of 1 stan-
dard deviation.
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(black particles), or disaggregated talus material with the rolling resis-
tance contact model (grey particles); (2) displacement vectors and
magnitude; and (3) normalised finite shear strain. Displacement
vectors shown throughout calculate average displacements for 40 grid
squares that span each dimension of themodel domain. The calculation
of finite shear strain is described in full by Harnett et al. (2018) but in
brief, performs inverse strain modelling by calculating the Cauchy-
Green deformation tensor and then computing shear strain (Cardozo
and Allmendinger, 2009; Morgan and McGovern, 2005a, 2005b;
Schöpfer et al., 2006). This method particularly identifies regions
where particles move as coherent blocks of material (i.e., high displace-
ments relative to their neighbours), such that strain localisation can be
visualised and located.
Fig. 3. Particle Flow Code (PFC) models of 2D slices of a lava dome, visualising dome
material as a function of rock strength, for a solidus pressure of 0.8 MPa. Domes shown
have flat joint properties of (a) low rock strength; (b) intermediate rock strength; and
(c) high rock strength. Red particles are fluid core material (linear parallel bond contact
model), black shows solid upper carapace material (flat joint contact model), and grey
shows disaggregated talus material (rolling resistance contact model). Full model
properties are listed in Supplementary Material A. Quantitative dome volume fractions,
and temporal evolution of these during dome growth are provided in Supplementary
Material B.
3. Results

3.1. Dome emplacement considering tripartite partitioning

We first examine the effect of rock strength on the relative propor-
tions of solid carapace (shown in black in Fig. 3) and disaggregated
talus (shown in grey). In this instance, the ‘rock strength’ refers to the
strength of the flat joint contacts during active emplacement, i.e., the
weaker the rock upon transition from fluid to solid, the more easily it
disaggregates. We performed three large-scale dome simulations
using the three values of UCS determined by our numerical calibration
experiments (Fig. 2; Table 1), yielding the following scenarios: (1) the
solid fraction of the dome is almost entirely composed of disaggregated
talus material when the rock has a low strength (Fig. 3a); (2) the solid
fraction of the dome is comprised of an initial solid carapace that bor-
ders the core of the dome when the rock has an intermediate strength
(Fig. 3b); and (3) there is a significant solid carapace with only a small
fraction of disaggregated talus material when the rock has a high
strength (Fig. 3c). In each case, disaggregated talus material can be
found at the base of the dome (i.e., above the topography but beneath
the fluid core, on both sides of the conduit).

In each scenario, all grown for the samemodel duration, the propor-
tion of fluid core is approximately equivalent (39–43%). There is a sig-
nificant effect of rock strength on the ratio of solid to fractured rock,
with a low strength rock producing a dome with only 5% solid carapace
and 56% disaggregated talus (Fig. 3a), whilst high strength rock results
in 41% solid carapace and 16% disaggregated talus (Fig. 3c). The relative
proportions of each component remain reasonably consistent through
time, with a small increase in core fraction during growth, and a corre-
sponding decrease in solid carapace and disaggregated talus fractions
(e.g., at 25% of final growth, the low rock strength model had 25%
core, 6% solid carapace, and 69% disaggregated talus; for full evolution
see Supplementary Material B). These results are similar to findings
by Hale et al. (2009b), who showed that the volume of talus undergoing
readjustment remained constant as a function of extrusion time.

In the models using intermediate (Fig. 3b) and high rock strength
(Fig. 3c), there are several regions where there are small collections of
solid carapace particles within a broader region of disaggregated talus.
These can be considered as larger solid blocks within slopes of looser
blocks; this means they are still able to behave as solid rock but are
4

not contributing to themaintenance of a solid outer shell. In this respect,
we might consider the calculated proportions of disaggregated talus an
underestimate in all cases.

3.2. Successive dome emplacement: Horizontal topography

The initial dome emplacement shown in Fig. 3a-c produces a dome
with a mostly flat top, and over-steepened slopes. This is similar to
both field observations (Bull et al., 2013; Darmawan et al., 2018;
Hutchison et al., 2013; Rosas-Carbajal et al., 2017; Zorn et al., 2020b)
and analogue experiments (Závada et al., 2009; Zorn et al., 2020a).
Once extrusion slows or ceases, it is expected that domes continue to
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settle due to the effect of gravity, likely through processes of lateral
spreading and dynamic spalling of material on oversteepened slopes
(e.g., Major et al., 2009). This settling can cause pronounced effects on
the overall morphology, and likely occurs due to relaxation after inter-
nal pressures decrease once effusion ends (Bull et al., 2013). For exam-
ple, the top of the February 1981 lobe at Mt. St Helens (Washington,
USA) was seen to subside by ~8 m due to settling during a pause in ex-
trusion (Swanson et al., 1987). We consider this process to be similar to
simple volcano spreading mechanisms, with the fluid core acting as an
internal weakness and allowing slow outward deformation. This
spreading mechanism has been observed in existing numerical models
(e.g., Heap et al., 2021), analogue models (e.g., Cecchi et al., 2004; van
Wyk de Vries et al., 2000), and field observations (e.g., van Wyk de
Vries and Francis, 1997).

To simulate the effects of successive dome extrusion, a dome (Dome
1) is first emplaced onto simplified horizontal topography and then the
addition of new material is stopped, and the dome is allowed to settle
under gravity until the dome is quasi-stable. During simulation of this
process, the core also undergoes complete solidification. A limitation
of the current model is that this solidification is artificially instant,
when in reality it likely occurs over much longer timescales on the
order of months to years (e.g., Ball et al., 2015). In the model shown
here, strong rock was simulated (Table 1) both during initial emplace-
ment and during solidification prior to settling.

Fig. 4 shows the effects of solidification of the fluid core and gravita-
tional settling on dome morphology – in this case, the dome is settled
until it reaches quasi-equilibrium. The settling process primarily occurs
through readjustment of the talus material, where material on the
oversteepened slopes disaggregates and tends towards the material's
angle of friction. The post-settling dome is therefore considered ‘stable’,
as it does not displace without the introduction of additional perturbing
factors. This settling is sensitive to the friction coefficient assigned to the
rolling resistance contacts, in that a lower friction coefficient leads to
shallower dome flanks (Supplementary Material C).

This is only observed after settling and does not significantly affect
newly emplaced domes, as their upward force (e.g., from ascent veloc-
ity, magmatic pressure) exceeds the downward gravitational force con-
trolling talus readjustment.
Fig. 4. Particle Flow Code (PFC) models of 2D slices of a lava dome, showing a dome
emplaced onto horizontal topography following a period of no extrusion, solidification,
and settling. Panel (a) shows material properties, where black is solid carapace (and
artificially solidified core material), while grey shows disaggregated talus. Panel
(b) shows the same model result as a function of total displacement since extrusion was
ceased.
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A second dome (Dome 2) is then extruded. Dome 2 is extrudedwith
the same properties as Dome 1, with the new conduit translated to the
right of Dome 1. The idea that this type of shift in a conduit's position
can occur has been discussed by previous authors (Le Corvec et al.,
2018; Maccaferri et al., 2017; Zorn et al., 2019), where either the addi-
tion of dome material or the significant excavation of material exerts
control on the dynamics of the shallow conduit system due to the
local changes in stress field. Similar effects on conduit morphology
could be caused by formation of a dense plug at the top of the conduit
during periods of slow or no extrusion. The formation of a dense plug
can cause deflection of incoming lava oblique to the prior pathway to
the surface (Hale and Wadge, 2008; Husain et al., 2014; Lavallée et al.,
2012;Watts et al., 2002; Zorn et al., 2019). For simplicity, no subsurface
magmatic architecture is reproduced in these models, but rather the
vent is relocated.

In the two-dome simulation, Dome 1 acts as a buttress for the
growth of Dome 2, with the morphology of Dome 2 otherwise similar
to the uninhibited growth of Dome 1 (Fig. 5). As the stress calculation
is driven by the vertical overburden of material in this model, there is
likely an underestimation of solid carapace/disaggregated talusmaterial
to the left of Dome 2. Assuming Dome 1 has undergone cooling at the
surface, there would likely be a thin contact region of solidification in
Dome 2 that is not simulated here.

Growth of Dome 2 causes lateral displacement of the previously sta-
ble Dome 1, with displacements on the right flank of up to 5m (Fig. 5c).
Visualising the accumulation of strain within the dome (Fig. 5b) shows
significant strain accumulation in both the solid carapace and disaggre-
gated talus to the right of the dome (i.e., the area of highest displace-
ment). Accumulation of strain is also seen towards the centre of the
dome. There does not appear to be any formation of deep-seated failure
Fig. 5. Particle Flow Code (PFC) models of 2D slices of a lava dome, considering
destabilisation of previously stable Dome 1 after emplacement of Dome 2. (a) Solid
upper carapace material shown in black, including artificially solidified core material,
with disaggregated talus shown in light grey. (b) Normalised finite shear strain in Dome
1, where darker areas show higher strain accumulation. (c) Displacement of Dome 1,
where colour indicates magnitude and arrows indicate direction only. Dome 2 shown in
dark grey for reference in all panels.
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planes (e.g., Harnett et al., 2018), however the strain distribution sug-
gests formation of fracture-type features that are approximately radial
(Fig. 5c). It is possible that these fractures form due to the higher pro-
portion of solid carapace material directly above the conduit compared
to the higher proportion of disaggregated material on the dome slopes
(Fig. 5a), such that the solid rock is more resistant to the force exerted
by the growth of Dome 2.
3.3. Successive dome emplacement: Sloped topography

We present a similar suite of models for the emplacement of two
successive domes onto a topographic slope of 20°. We consider this to
be a more hazardous starting condition for dome growth, according to
both observations (Calder et al., 2002; Walter et al., 2013) and numeri-
cal models (Harnett et al., 2018) that show increased displacement and
strain accumulation on downhill dome flanks. Althoughwe showhere a
suite of models where magma is extruded onto a 20° slope, we suggest
that steeper slopes (possible in some volcanic settings) could promote
more significant instabilities and therefore larger collapse volumes.

Emplacement of Dome 1 onto a 20° slope shows an oversteepened
downhill dome flank (Fig. 6a) as seen under the same conditions
modelled by Harnett et al. (2018). Settling and solidification of Dome
1 (given strong rock properties) produce a complex dome morphology
that has a lobe-like feature on its downhill flank (Fig. 6b) due to dis-
placement of the previously oversteepened portion (Fig. 6c). This is rea-
sonably consistent with topographic profiles from existing domes
Fig. 6. Particle Flow Code (PFC) models of 2D slices of a lava dome showing emplacement
of a dome onto sloped topography. (a) Emplacement of a dome onto a 20° slope, where
red shows fluid viscous core, black shows solid upper carapace, and grey shows
disaggregated talus material. (b) Dome 1 after settling and solidification of core
material, colours as in (a). (c) The same model scenario as panel (b), showing
displacement during the settling period.
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emplaced onto sloped topography (e.g., Diefenbach et al., 2013),
where observed domes shallow towards their tail. Dome 1 is again set-
tled until it reaches a quasi-stable state, where further deformation can-
not occur without the addition of external perturbation factors.

The addition of a second dome (Dome 2), extruded upslope from
Dome 1, in this scenario leads to strain accumulation and displacement
downhill in Dome 1 (Figs. 7, 8a). As expected, the bulk of this displace-
ment occurs near to the zone of contact between the two domes, with
additional displacement occurring on the downhill flank in the form of
talus readjustment (Fig. 8a). We consider this talus readjustment to be
similar to the accommodation of extension discussed by Hutchison
et al. (2013), who observed lateral lava dome advancement by rockfall
events at the dome edges (see also Darmawan et al., 2020; Mueller
et al., 2013). Visualising the internal strain shows a potential plane of
detachment where the underlying disaggregated material meets the
core (Fig. 7). In this scenario, the presence of disaggregated talus further
destabilises the dome, highlighting that full consideration of lava dome
models must include both the solid carapace as well as the disaggre-
gated talus material in order to accurately capture their behaviour.

3.4. Successive dome emplacement following alteration

The same successive dome emplacement scenario can be considered
for a weaker rock strength, assuming that during a period of no extru-
sion and settling, progressive weakening of the rock occurred. Such
weakening following emplacement can occur through extensive hydro-
thermal alteration (Ball et al., 2015; del Potro and Hürlimann, 2009;
Farquharson et al., 2019; Heap et al., 2019; Heap et al., 2015;
Kereszturi et al., 2020;Mordensky et al., 2019;Wyering et al., 2014). Al-
thoughwe acknowledge that hydrothermal alteration can result in rock
strengthening (Heap et al., 2021a), we explicitly model here the sce-
nario in which alteration reduces rock strength. Fig. 8 shows the dis-
placement of Dome 1 following the emplacement of Dome 2 for a
high-strength Dome 1 (Fig. 8a, discussed in the previous section) and
a low-strength or hydrothermally altered Dome 1 (Fig. 8b). The weaker
dome (Fig. 8b), shows more significant lateral displacement, with 74%
of material displacing over 1 m, compared with only 52% of material
in the high strength dome (Fig. 8a).

Both low- and high-strength domes show displacement focussed on
the contact region of Domes 1 and 2 (Fig. 8). The stronger dome shows a
greater degree of displacement on the downhill slope; this is because
the higher proportion of disaggregated talus in the weaker dome led
to a shallower slope after settling. As a result, the additional forces
exerted onDome 1 by the emplacement of Dome2 cause less significant
further displacement of the shallow downhill slope in theweaker dome
(Fig. 8b). Destabilisation and readjustment of the downhill slope is,
however, observed in the scenario with strong rock (Fig. 8a).
Fig. 7. Particle Flow Code (PFC) models of 2D slices of a lava dome, visualised in terms of
normalised finite shear strain in Dome 1, following emplacement of Dome 2. Before
emplacement of Dome 2, Dome 1 was settled and stable. A detachment plane can be
seen at the right edge of Dome 1 - refer to Fig. 6 to see distribution of solid carapace and
disaggregated talus material in Dome 1.



Fig. 8. Comparison of displacement in Dome 1 given (a) high rock strength, and (b) low
rock strength. In each case, Dome 1 was extruded onto a topographic slope of 20°,
settled and solidified until stable, and then Dome 2 was extruded. Velocity vectors show
direction of movement only, while colours indicate magnitude of displacement. Dome 2
shown in grey for reference only in each case.

C.E. Harnett and M.J. Heap Journal of Volcanology and Geothermal Research 420 (2021) 107398
The detachment plane is also less visible in the weak rock scenario.
In theweaker dome, there is a less significantmaterial contrast between
solid carapace material and disaggregated talus material due to the
higher proportion of material that disaggregated during initial growth
of Dome 1 (Fig. 8b). In the stronger dome, the downhill dip of themate-
rial contrast acts as a pre-existing plane of weakness and facilitates high
strain accumulation.

Although higher total displacement is seen in the weaker dome, the
emergence of the deep detachment plane in the stronger dome may
suggest large-scale instability over longer timescales. These data there-
fore suggest that geometric effects and existing material heterogeneity
can significantly affect dome stability, such that stronger dome rock
does not necessarily signify a more stable dome.

3.5. Crater wall instability due to dome growth

Lava domes are commonly emplaced within a crater and can grow to
fill the crater (Macías and Siebe, 2005) or overtop the crater walls and
form rockfalls and pyroclastic density currents that flow downslope
(Herd et al., 2005; Mueller et al., 2013; Wadge et al., 2008; Walter et al.,
2019). Crater walls themselves are therefore key in determining themor-
phology, size, and stability of a lava dome. Indeed, recent observations at
Merapi (Indonesia) suggest than even small changes in summitmorphol-
ogy can control domegrowth and evolution (Kelfoun et al., 2021). Specific
dome collapses have been attributed tomechanicalweakening and struc-
tural failures of crater walls, including two collapses at Volcan de Colima
in July 2015 (Lesage et al., 2018) and the Boxing Day collapse at Soufriere
Hills Volcano in 1997 (Voight et al., 2002; discussed in more detail later).

As a result of this importance, we also provide simulations in which
we emplaced domes inside a crater (Fig. 9). Thiswas previously done by
Harnett et al. (2018) but, in our new simulations, we construct the to-
pography using a particle-based method, instead of using simple walls
in PFC (Fig. 9a). This allows for the investigation of the stability of the
crater walls themselves. We use a symmetric crater geometry, but posi-
tion the conduit off-centre to allow for comparison of one crater wall
which is subjected to increased loading due to dome growth, and one
crater wall which is not (Fig. 9a).
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We present here two end member models: (1) a crater with strong
rock properties (bond cohesion = 10 MPa; Fig. 9b), and (2) a crater
with weak rock properties (bond cohesion = 2 MPa; Fig. 9c). We in-
crease the Young's modulus of thematerial to account for the 2D nature
of the cross section, such that the crater can be gravitationally stable be-
fore dome growth begins. In each scenario, a dome is emplaced with
strong rock properties (Table 1).

The stronger crater material (Fig. 9b) shows displacements on the
order of 1 m at the apex of the crater wall, with a dominant lateral
sense of motion (i.e., the dome is pushing the crater wall outwards).
In the scenario with weaker crater material (Fig. 9c), the magnitude of
displacement is broadly similar, but there is a much larger region of dis-
placement. The dominant sense of motion is downward and outward,
suggesting this scenario lends itself more to landslide generation
(Hungr et al., 2014). Visualising strain in each case does not show
deep-seated failure planes, suggesting that the crater wall material is
not moving as one coherent block. This is likely because the material
is sufficiently weak to break up as it is pushed downslope by the lateral
forces of the growing dome. These scenarios show that weakening of
existing topographic structures, by hydrothermal alteration or other
mechanisms, can significantly impact stability of the volcanic system,
as displacement of the crater wall would destabilise the dome flank
and could lead to retrogressive collapse.

The models in Fig. 9 show that a growing dome can destabilise a tri-
angular wedge of material, that in this case corresponds to the pre-
existing crater wall. We suggest also that such a conclusion can be ex-
tended: if a buttressing wedge of talus from earlier eruptive phases is
weakened, a growing dome could equally cause displacement of this
material wedge. This may facilitate additional flow front advancement
or generate small-scale downslope instabilities that eventually lead to
retrogressive collapse. It is therefore important to consider the nature
of pre-existing substrate in overall assessment of volcanic stability,
whether this be a crater wall or older talus material.

4. Discussion

4.1. Talus behaviour

The nomenclature surrounding the solid portion of lava domes is
poorly defined, and the term ‘talus’ is commonly used in the literature
to refer to all solid portions of a dome. Although lava domes have long
been conceptually understood to have a solid carapace and a more
frictionally-controlled talus, distinctmaterial behaviour of these regions
has not been incorporated into previous numerical models (Hale et al.,
2009a, 2009b; Harnett et al., 2018).

Hale et al. (2009b) discussed how it can be tempting to consider
talus behaviour as similar to a sandpile, where the material tends to
its angle of repose and exhibits self-organised criticality (Bak et al.,
1988). Nagel (1992) suggested that sandpiles in fact have two impor-
tant angles governing stability: one that exists prior to avalanche, and
one smaller angle that exists immediately after. One could argue that
this is somewhat similar to the talus morphology discussed by Pérez
(1998), who assessed transects of talus slopes at Chaos Crags (Lassen
volcanic center, California, USA) and determined a bi-segmented slope
profile, with a steeper upper segment where the slope angle is ~37°
(i.e., a slope prior to avalanche), followed by a somewhat abrupt break
in slope near the base where the angle dropped to <7° (i.e., post-
avalanche). However, talus slopes also differ from simple sandpile ex-
periments, in that they include grains of different sizes (in the form of
larger boulders) that can themselves disaggregate downslope.

The method proposed here allows for the incorporation of the
sandpile-like aspects of a talus slope - through the rolling resistance
model acting in the disaggregated talus - whilst still allowing for larger
grain sizes to disaggregate downslope, through flat-jointed solid cara-
pace material within a matrix of disaggregated talus. The result is a
more complex lava dome morphology (Fig. 3) than that suggested by



Fig. 9. Particle Flow Code (PFC) models of a cratered scenario. (a) Model initiation showing construction of a gravitationally stable cratered scenario with 35 degree slopes.
(b) Displacement of the crater walls due to dome growth. Crater walls assigned high rock strength. (c) Displacement of the crater walls due to dome growth. Crater walls assigned low
rock strength. Arrows show direction of motion in each case, whilst colours indicate magnitude.
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idealised cross sections of rhyolite flows (Christiansen and Lipman,
1966; Duffield and Dalrymple, 1990), dome flow fronts (Huppert
et al., 1982), and finite element method lava dome cross sections
(Hale et al., 2009b; Hale et al., 2009a; Hale et al., 2007). The more com-
plexmorphology could relate also to observation timescale: domesmay
bemore readily observed late in their growth, meaning thatmore of the
solid carapace has disaggregated to form talus due to lateral spreading
(e.g., Hutchison et al., 2013).

At a growing dome, the formation of disaggregated talus releases
heat and gases from the dome interior. The consideration of both a
solid outer shell and disaggregated talus slopes is key to obtaining a
more holistic understanding of a lava dome's morphology. Wadge
et al. (2009) suggest that a lava dome that has already converted
more of its mass to a clastic component is potentially less hazardous
than one retaining a higher proportion of its mass in its core. This sug-
gestion was broadly supported by Harnett et al. (2018), where whole-
sale collapse was only made possible by the formation of deep-seated
failure planes that involved core material (and therefore released en-
ergy stored in the core following rapid decompression, a process
shown to increase pyroclastic flow velocity and therefore increase haz-
ard potential (Fink and Kieffer, 1993)). Incorporation of both the cara-
pace and talus slopes within this model allows for a more detailed
investigation of dome stability by considering a more complex internal
structure in the modelled scenarios.

The models shown here (e.g., Fig. 7) demonstrate the importance of
modelling the distinction between solid carapace and disaggregated
talus, as this can be key in pre-defining planes of weakness within the
dome shell, and therefore acting as sliding planes for overriding dome
material.

4.2. Loading effects of successive dome emplacement

Sequential lava dome emplacement and destruction has been ob-
served at several volcanoes worldwide (e.g., Matthews et al., 1997;
Mendoza-Rosas et al., 2017; Rhodes et al., 2018). Domes can be
8

removed by explosive activity, but on several occasions, conduit reloca-
tion leads to successive domes being emplaced within the same crater
or collapse scar, such as during the 2004–2008 eruption atMt. St Helens
(Dzurisin et al., 2015; Ryan et al., 2018), during the last century of
dome-forming eruptions atMerapi volcano (Voight et al., 2000), during
the emplacement of the dome complex at Chaos Crags (Clynne and
Muffler, 2017), and during the 2021 eruption of La Soufrière in Saint
Vincent and the Grenadines (Eastern Caribbean). We have demon-
strated here that sequential dome extrusion can destabilise otherwise
stable domes by exerting additional lateral forces and oversteepening
slopes (Figs. 5, 7). We show that this primarily results in rockfalls and
avalanches from the oversteepened slopes and is unlikely to preclude
deeper-seated failures.

A good example of a complex centre of multiple domes/lobes is
Chaos Crags, a centre consisting of six rhyodacitic domes (named
Domes A to F in chronological order of emplacement). These domes rep-
resent the youngest eruption in the Eagle Peak sequence (Clynne et al.,
2008) and are part of the Lassen volcanic center in California, USA
(Clynne and Muffler, 2017; Ryan et al., 2020). The majority of Dome C
collapsed approximately 350 years ago (Clynne and Muffler, 2017),
leaving a semi-spherical collapse scar and a large avalanche deposit
called Chaos Jumbles that extends NW of the remnants of Dome C.
The cause of the rock avalanche generating instability of Dome C is to
date unknown, although several mechanisms have been proposed.
These include an explosion at the base of the dome, renewed activity
at neighbouring Dome D, and a large earthquake originating from the
Hat Creek Fault (Clynne and Muffler, 2017). Although we do not aim
to forward a definitive mode of failure of Dome C, we note this as a
prime example where renewed dome emplacement may have contrib-
uted to destabilisation of an existing dome.

Dome D was reported to be emitting steam and other gases during
the period of 1854–57 (Clynne andMuffler, 2017;Williams, 1932), sug-
gesting possible activity or domegrowth. DomeD is seen to adjoin older
domes from which rockfalls originated during the same time period,
i.e., Dome C. Crandell et al. (1974) suggested that the growth of a new
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dome within the central part of an older dome group may have caused
oversteepened slopes, and subsequent rockfall generation, due to push-
ing and tilting of surrounding rocks (i.e. exertion of a large lateral force).
Crandell et al. (1974) note that this oversteepening is more likely to re-
sult in rockfalls if the rocks are highly fractured, or altered (as docu-
mented by Heap et al., 2021a), as we demonstrate in the modelled
sloped scenario (Fig. 8). The models in this contribution therefore act
as a proof of concept and allow for more specific scenarios to be simu-
lated and potential modes of failure to be determined.

4.3. Rock strength effects on dome stability

Our results show the effect of rock strength on dome stability in two
distinct ways: (1) the role of rock strength in determining the relative
proportions of solid carapace to disaggregated talus (Fig. 3); and
(2) the role of low rock strength (e.g., due to hydrothermal alteration)
in destabilising emplaced dome flanks (Figs. 8, 9). Both mechanisms
have significant hazard implications, which we discuss here.

Conclusions from Harnett et al. (2018) showed that talus volumes
significantly influence the accumulation of shear strain within a dome,
and consequently play a key role in determining the potential domevol-
umes that might be subject to collapse. We have shown here that rock
strength, determined primarily by melt crystallinity and porosity due
to gas exsolution, is one factor that affects the ratio of solid carapace
to disaggregated talus. We suggest the ratio of these materials, a func-
tion of rock strength, is key in defining overall dome stability. We note
that this ratio is likely also affected by extrusion rate, a factor not consid-
ered in the models presented here. We therefore suggest that the
strength of rock samples collected from new or developing domes
should be tested in the laboratory, to provide important information
on the potential hazards posed by a particular dome.

The spreading of the lava dome core on top of a solid layer, as op-
posed to directly contacting the free-surface of the volcano crater, has
been observed in previous numerical models (Hale, 2008; Harnett
et al., 2018). Significant hazard implications have been discussed as a
consequence of this geometry, as this region may be more subject to
erosion or penetration via rainfall due to talus readjustment/avalanches.
Removal of this talus can undermine the mechanical strength of the
apron and therefore leave the unbuttressed core to breakout and form
(as seen at Volcán de Colima (Mexico) in 2009; Hutchison et al., 2013)
or to collapse completely. Alternately, exposure of the hot fluid core
due to talus removal can lead to rapid decompression and explosive ac-
tivity (Alidibirov and Dingwell, 1996; Robertson et al., 1998; Voight and
Elsworth, 2000).

Despite the hazard implications of this buttressing material, previ-
ous models have not distinguished between the intact and disaggre-
gated solid portions of the outer dome shell. We show here than even
in the high rock strength scenario, the material underlying the core is
predominantly disaggregated talus (Fig. 3). We therefore suggest that
the hazard presented by this material contrast exists even in domes
that appear to have a coherent outer shell and high crystallinity lavas.

We have also demonstrated here that a lower rock strength results
in higher total displacement (Fig. 8), where the unstable material vol-
ume (where displacements >1 m) is approximately 50% higher than
in simulations with high rock strength. In addition to the higher dis-
placements we show here, a previous study by Eppler et al. (1987) sug-
gested that the thicknesses and runouts of rockfall avalanches at Chaos
Crags were strength-dependent, such that a lower strength could pro-
duce more significant deposit volumes. Ball et al. (2018) also found,
using a 3D numerical model, that collapse volume increased as a func-
tion of increasing alteration-induced weakening.

The difference in displacement pattern with rock strength is particu-
larly pertinent when considering the cratered dome growth scenario, as
lower rock strength leads to downward and outward movement as op-
posed to purely outwardmovement (Fig. 9), suggesting possible develop-
ment of a deep rotational failure instead of a lower volume topple. This
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scenario was observed at the Soufrière Hills dome in Montserrat where
weakening at the base of the retaining crater wall (Galway's wall) was a
major contributing factor in the destabilisation and collapse of the lava
dome on 26 December 1997 (Sparks et al., 2002; Voight et al., 2002), par-
ticularly when coupled with loading from the static weight of dome rock
as well as dynamic loading from shallow hybrid earthquakes (Young
et al., 2002). The crater walls are arguablymore susceptible toweakening
than the dome itself; indeed Galway's wall was comprised of highly frag-
mental material from cemented pyroclastic flow deposits and tephra
layers and was located ~500 m North of an active hot spring area with
strongly hydrothermally altered rocks (Young et al., 2002). The Boxing
Day event produced a large debris avalanche with a ~ 4 km runout
(Woods et al., 2002), destroying two villages on the southwestern coast
of Montserrat and resulting in a small tsunami (Young et al., 2002). The
wall was further destabilised by face-parallel and radial cracks; we do
not simulate the additional destabilising effect of fractures in the models
presented here, suggesting that we could be overestimating stability. In-
stability was likely also promoted by the steep 50° angle of the outward
dipping crater wall face (Young et al., 2002).

The collapse of Soufrière Hills was followed by a lateral blast as the
lava dome core was exposed (Woods et al., 2002; Young et al., 2002).
The mechanical instability of the dome was a direct consequence of
the crater wall weakening, but one could also argue that this weakening
ultimately led to a change in eruption dynamics, as the unloading of the
system may have contributed to the pause in extrusion in March 1998.
Our analysis concurs with that made by Young et al. (2002), who stated
that sector collapsemay represent themost severe volcanic hazard dur-
ing andesitic dome-forming eruptions, as we find the displacement pat-
terns are distinctly different for differing rock strengths (Fig. 9), and
expect the hazard implications of this to be greater than for dome
flank displacement (Fig. 8).

In this pilot study of calibrating rock properties in lava dome em-
placement models, we do not consider spatial or temporal variation.
Spatial distribution of rock strength is key to consider in future models,
particularly when considering a volcano subject to hydrothermal alter-
ation (e.g., Heap et al., 2021a). Cooling and solidification processes are
also not simulated here. Cooling, for example, can create thermal cracks
(Browning et al., 2016; Lamur et al., 2018) that could reduce rock
strength. Heap et al. (2018) also showed, using high-temperature uni-
axial deformation experiments, that a reduction in temperature could
reduce the strength of andesite, due to the re-opening of microcracks
as a result of thermal contraction. Similar conclusions were drawn by
Coats et al. (2018). The influence of temperaturefluctuations on theme-
chanical behaviour and strength of volcanic rock is likely further com-
plicated by the presence of clays and/or zeolites (Heap et al., 2012;
Weaver et al., 2020). These spatial and temporal variations in rock
strength are not currently incorporated into DEMmodels but are an av-
enue to be pursued in future modelling efforts.

5. Conclusions

In this study, we used the discrete elementmethod to computation-
ally model lava dome growth, considering a ductile fluid core, a solid
upper carapace, and a disaggregated talus portion. We calibrated the
solid portion of the dome to three different rock strength scenarios
(micro-cohesion values of 2, 5, and 10MPa), and show the effect of var-
ied rock strength on dome deformation given successive dome em-
placement, and crater wall weakening. From our simulations, we
conclude the following:

(1) When considering dome structure, it is crucial to include distinct
material properties and behaviour for solid dome rock and disag-
gregated talus material. Rock strength is one factor that deter-
mines the relative proportions of these components.

(2) The presence of disaggregated talus at the base of a dome can act
as a pre-existing sliding plane, particularly when it is overlain by
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intact dome rock. This plane of material contrast is more likely to
occur in a dome with more crystalline, stronger rock.

(3) Sequential lava dome emplacement can lead to destabilisation of
a previously emplaced dome, even if this dome was quasi-stable
prior to the growth of the newdome. This ismore pronounced on
a sloped topography, but also occurs on horizontal topography.

(4) Lower rock strength (e.g., resulting from hydrothermal alter-
ation) leads to higher unstable material volumes in domes. This
is particularly key when considering the properties of crater
walls, as homogenous lower rock strength promotes deeper-
seated failure.

We suggest that, where possible, strength analysis of domematerial
is key for understanding its stability profile, as well as the production of
digital elevation models to allow real-time volcano-specific modelling
to be performed. Where approaching a dome for sample collection is
too hazardous, we suggest monitoring of the following: 1) evidence of
hydrothermal alteration at the surface (e.g. discoloration) to infer the
location of fluid pathways and potential strength changes in surround-
ing rocks; 2) displacement and/or deformation of existing domeswhere
there is new adjacent lobe emplacement; and 3) high temporal resolu-
tion imagery that allows assessment of disaggregation of material dur-
ing dome growth, such that it might be possible to estimate the
proportion of disaggregated talus. We consider the real-time integra-
tion of numerical models and observations key to reducing hazard po-
tential.
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