Journal of Volcanology and Geothermal Research 465 (2025) 108351

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research

Simulation of the 2012 Te Maari debris avalanche: Insight into the failure
mechanics and the role of the hydrothermal system

Juliette Vicente *®-*, Stuart Mead ?, Gabor Kereszturi ?, Craig Miller "

a Volcanic Risk Solutions, Institute of Agriculture and Environment, Massey University, Private Bag 11222, Palmerston North, 4442, New Zealand
Y GNS Science, Wairakei Research Centre, Private Bag 2000, Taupo, 3352, New Zealand

ARTICLE INFO ABSTRACT

Keywords:
Slope failure
Debris avalanche

Composite volcanoes consist of alternating layers with varying mechanical properties, which contribute to the
instability of the flanks. This instability can lead to the onset of mass flows down volcanic slopes, posing
significant risks to nearby populations and infrastructures. Tongariro, an active andesite volcano, experienced
one of New Zealand’s most recent debris avalanches at the Upper Te Maari crater on August 6, 2012. This
debris avalanche, initiated simultaneously with a small-magnitude earthquake, released a volume of 7 x 10> m?
of material from the source, which by unloading the pressurised vapour-dominated hydrothermal system, led
to a phreatic eruption. This paper aims to better constrain the preparatory and triggering factors, along with
the failure mechanics, that led to the 2012 debris avalanche. To achieve this, we applied slope stability finite-
element modelling to assess the volcanic slope’s sensitivity to varying groundwater, seismic and mechanical
conditions. Model results closely match the observed failure when considering the strength of hydrothermally
altered rocks subjected to an increased pore pressure at shallow depth. We found that even a relatively minor
rise in pore pressure, ~ 250 kPa in the upper layers, could replicate the observed failure at Te Maari. Our
simulations also reveal that this debris avalanche might be a multiple-stage failure involving the progressive
sliding of two distinct blocks. These findings enhance our understanding of Tongariro’s structure and improve
hazard assessments for future potential collapses at Tongariro and other New Zealand volcanoes.

Finite element method
Pore pressure
Infiltration
Multiple-stage failure

1. Introduction

Volcanoes form complex structures through the accumulation of
alternating layers of lava, pyroclastic material, and endogenous growth
(Ball et al., 2018; Heap et al., 2021). The accumulation of these materi-
als not only steepens the edifice’s slopes, but also results in physical and
mechanical variability from one layer to another (Heap et al., 2021).
This broad range of physical and mechanical characteristics (e.g. den-
sity, alteration potential, strength) favours the instability of volcanic
flanks, leading to mass flow events such as lahars or volcanic debris
avalanches. The latter are very frequent on the geological time scale,
with approximately a thousand volcanic debris avalanches identified
to date for 600 volcanoes, each exhibiting diverse failure types, modes
of emplacement, and associated risks (Siebert and Roverato, 2021).
Debris avalanche processes are time dependent phenomena (Flageollet,
1996; Qin et al., 2001; Van Asch et al., 2007) that progress through
distinct phases (pre-failure, failure, post-failure), each characterised
by different timescales and controlling factors. The pre-failure phase,
marked by gradual weakening of the edifice, often unfolds over ex-
tensive timescales, from years to millennia. This leads into the failure
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phase, a transient event lasting milliseconds to seconds, where a volume
of material detaches from the volcano along a developing shear surface.
The most significant risks arise during the post-failure phase, where
the failed mass flows down the slope, a process that may last minutes
to weeks (Van Asch et al., 2007). If this flow is characterised by an
extreme mobility, it can significantly impact nearby populations and
infrastructures (Pudasaini and Miller, 2013). High mobility in volcanic
debris avalanches results from fluidisation phenomena which can sub-
stantially increase runout distances, even for smaller-volume debris
avalanches (Siebert and Roverato, 2021; McGuire, 1996; Hungr et al.,
2008). Additionally, numerous volcanic flank collapses are associated
with magmatic eruptions (Siebert et al., 2011; Heap et al., 2021),
demonstrating their potential to trigger secondary catastrophic events,
such as the 1980 Mount St Helens (Glicken, 1996) and the 1956
Bezimianny eruptions (Belousov et al., 2007). Both share similarities
including a flank collapse that triggered an instantaneous pressure drop
on the volcano, followed by a volcanic blast (Siebert and Glicken, 1987;
Sousa and Voight, 1995; Glicken, 1996; Belousov, 1996; Belousov et al.,
2007; Siebert and Roverato, 2021).
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Flow initiation and subsequent mechanics are strongly influenced
by failure conditions. Volcanic slope instabilities are promoted by a
combination of preparatory and triggering factors (Van Asch et al.,
2007), often related to volcanic activity. Preparatory factors are con-
tingent on the pre-failure phase, during which progressive structural
changes occur, leading to the weakening of the slope. These changes
may result from the cumulative effect of long-term factors, such as
groundwater circulation and hydrothermal alteration (Mordensky et al.,
2018b; Kennedy et al., 2020; Schaefer et al., 2023; Mordensky et al.,
2022), as well as short-term influences such as climatic events and
magmatic intrusions. Triggering factors of slope movements are tran-
sient (Crozier, 1986; Leroueil, 2001; Van Asch et al., 2007) and are
responsible for either decreasing the shearing resistance of the mate-
rial and/or increasing the shear stress (Duncan et al., 2014). These
triggering factors include internal overpressures linked to pressurised
magma (Schaefer et al., 2023), hydrothermal fluids (Reid, 2004) and/or
gases (Voight and Elsworth, 2000); seismic activity (Sherburn et al.,
1999; Calder et al.,, 2002; Mordensky et al., 2022) or exogenous
processes such as heavy rainfall (Carn et al., 2004) or snow melt-
ing (Pierson et al., 1990). Steep slopes (Siebert, 1984; Moon et al.,
2005; Miller and Williams-Jones, 2016) and the presence of a hy-
drothermal system are often identified as significant contributors to
volcano instability by promoting both preparatory factors (e.g. al-
teration of material properties; Van Wyk de Vries et al. 2000, Reid
et al. 2001, del Potro and Hiirlimann 2009) and triggering factors
(e.g. shallow seismicity, fluid redistribution, and pore pressure changes
; Reid 2004, Cecchi et al. 2004, Ball et al. 2018, Rosas-Carbajal et al.
2016, Heap et al. 2021). The presence of hydrothermally altered ma-
terial has been demonstrated to weaken slopes by precipitating weaker
secondary minerals, such as sulfates and phyllosilicates, thus promoting
flank collapses (e.g. Reid et al. 2001, del Potro and Hiirlimann 2009,
Ball et al. 2015, Siratovich et al. 2016, Bouligand et al. 2016, Morden-
sky et al. 2019, Heap et al. 2021, Kereszturi et al. 2021). In addition to
these mineralogical changes, hydrothermal alteration can also reduce
porosity and permeability (e.g. by the precipitation of clays, silica
polymorphs, sulfides and sulfates), leading to increased pore pressure
and consequently promoting instabilities (Reid, 2004; Heap et al., 2019;
Ball et al., 2018). Moreover, uncapping a pressurised hydrothermal
system can lead to subsequent explosive behaviour (Siratovich et al.,
2016; De Moor et al., 2019; Heap et al., 2021; Kennedy et al., 2020;
Mick et al., 2021). Consequently, a thorough analysis of these pre-
failure weakening factors and the failure mechanics is essential to assess
the hazards associated with the subsequent post-failure movement.

Numerical modelling can be used as a tool for examining the physics
and impacts of the different phases of debris avalanches. Slope stability
models have been extensively used to investigate the mechanics of ma-
jor collapse events and assess the slope response to changes in material
properties (Kereszturi et al., 2021; Schaefer et al., 2015; Wallace et al.,
2022), groundwater conditions (Ball et al., 2018; Mordensky et al.,
2022) or external loads (Iverson, 1995). Continuum numerical methods
such as finite element method (FEM) have demonstrated their effec-
tiveness in assessing failure modes by allowing the calculation of stress
and strain distribution (Duncan, 1996; Hammabh et al., 2005; Schaefer
et al., 2023; Wallace et al., 2022) and accurately capturing the complex
behaviour of slopes composed of heterogeneous and anisotropic ma-
terials (Duncan, 1996). FEM analysis enables a detailed visualisation
of the development of failure mechanisms under various disturbance
factors (Schaefer et al., 2023), without requiring assumptions about the
type, shape, or location of sliding surfaces.

In this study, we develop a stability model using the FEM to in-
vestigate the mechanical and groundwater scenario involved in the
failure that occurred at Te Maari, Tongariro (New Zealand) in 2012.
The succession of events (Section 2.2) suggests that the failure is linked
to the presence of an active vapour-dominated shallow hydrothermal
system (Miller et al., 2018) beneath the edifice (Walsh et al., 1998;
Hill et al., 2015; Miller and Williams-Jones, 2016). The Te Maari
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case study, enriched with a multitude of various pre- and post-event
geophysical data (e.g. topographic, gravimetric, magnetic, hyperspec-
tral) provides well-constrained information and serves as an instructive
case to thoroughly explore failure processes in hydrothermal systems
over a complete timespan. Here, we tested the sensitivity of the slope
to various groundwater, seismic and mechanical scenarios, allowing
for a better characterisation of the preparatory and triggering factors
involved in the 2012 event. We then discuss the influence of these
factors on the failure mechanics and highlight implications for future
volcanic hazard assessments.

2. Tongariro and the 6th of August 2012 debris avalanche

Tongariro is a multi-centre composite volcano (Leonard et al., 2021)
covering an area of approximately 65 km?, located at the southern
boundary of the Taupo Volcanic Zone (TVZ). Volcanism at Tongariro
is characterised by frequent, low-volume (0.1-1 km?) eruptions with
compositions ranging from basaltic andesite to dacite (Hobden et al.,
1996; Nakagawa et al., 1998; Hobden et al., 2002; Shane et al., 2017).
The volcanic complex consists of at least 15 overlapping vents that
were formed during 6 episodes of major cone formation (Hobden et al.,
1999). Since the first eruption c. 275 kyr ago in the Lower Tama
Lake area (Hobden et al., 1996), the edifice has undergone many
geomorphic changes, including glacial erosion (Topping, 1974; Cole
et al., 2018; Leonard et al., 2021; Eaves and Brook, 2021) and later
eruptions from new vents, making it difficult to identify old vents.
Geomorphic changes due to volcanic mass flows (pyroclastic density
currents, lahars, debris avalanches, etc.) are very rare in the history
of Tongariro, compared to its neighbour, Ruapehu. However, 5 lahar-
type deposits have been identified as resulting from the activity of
the Tongariro volcanic complex between 26 and 11 kyr ago, in the
northeast part of the massif (Cronin et al., 1997; Procter et al., 2014).
These deposits are mainly preserved 10-30 km from the source and
are attributed to the remobilisation of loose pyroclastic deposits. To
the northwest, Lecointre et al. (2002), identified and mapped the Te
Whaiau Formation, which consists of a large debris avalanche deposit
(0.5 km?) emplaced between 55 and 60 kyr ago, initiated as a wet
debris avalanche that transformed downstream into a single cohesive
debris flow. On the northern flanks, Topping (1974) mapped a series of
proximal lahar deposits, the Mangatipua Formation, that are associated
with the eruption of Te Maari craters in November 1892. The present
morphology of the volcanic edifice is therefore the result of gravita-
tional collapses, as well as the retreat of the glaciers, which greatly
contributed to the generation of lahars by providing large quantities
of water and exposing the loose, unconsolidated volcanic material in
the valleys (Procter et al., 2014). Since the Mangatipua Formation, no
debris flows, landslides, or lahars were observed on Tongariro until
2012.

2.1. Hydrothermal system of Tongariro

The hydrothermal system of Tongariro, identified as a large, deep
demagnetised and low-density region by Miller and Williams-Jones
(2016), extends from north of Ngauruhoe to Upper Te Maari, reaching
the basement rocks at approximately 2 km depth. It is predominantly
vapour-dominated (Miller et al., 2018) with localised condensate zones,
as revealed by multiple electrical geophysical studies (Walsh et al.,
1998; Hill et al., 2015; Miller et al., 2018; Heise et al., 2024). A low-
resistivity layer at approximately 1000 m a.s.] has been interpreted as
a condensate layer several hundred metres thick, with Ketetahi Hot
Springs acting as one of its major outflows (Walsh et al., 1998; Hill
et al.,, 2015). However, a more recent groundwater study conducted
by Miller et al. (2018) confirmed the presence of a binary hydrothermal
system dominated by vapour and liquid zones but also revealed that
the system is highly segmented, with irregularly distributed vapour
and condensate regions. This complex distribution likely explains the
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spatially heterogeneous observations of surface unrest indicators prior
to the 2012 Te Maari eruption (Miller et al., 2018).

Due to the presence of this extensive, complex, active hydrother-
mal system, rocks constituting Tongariro’s edifice undergo significant
physico-chemical alterations. The interaction between host rocks and
hot acidic fluids results in the precipitation of secondary minerals,
often with lower densities, such as sulfides (marcasite), phyllosili-
cates (kaolin-, smectite-, mica- and chlorite-group minerals, montmo-
rillonite), sulfates (alunite, jarosite, barite, gypsum, anhydrite), silica
polymorphs (opal, trydimite, cristobalite), and native sulfur. These
alterations, affecting the physical characteristics of the rocks, signifi-
cantly influence the mechanical response and failure mode (Reid et al.,
2001; Heap et al., 2015). With the volume of hydrothermally altered
rock within Tongariro edifice estimated at about 20 km? (Miller and
Williams-Jones, 2016), it is important to characterise hydrothermal
zones for volcanic hazard assessment, as they could serve as sources
for future debris avalanches.

2.2. The 6th of August 2012 debris avalanche and eruption

The most recent eruptions of Tongariro occurred on August 6, 2012,
and November 21, 2012, at Upper Te Maari Crater (Procter et al., 2014;
Jolly et al., 2014) and are linked to the presence of the hydrothermal
system. The August 6 event featured a complex eruption sequence,
including a small debris avalanche, a multiple-pulse phreatic eruption
and the formation of a chasm in a fissure-like form (Fig. 1) about 300 m
from the main eruption vent (Jolly et al., 2014).

Unrest began on July 13, 2012, marked by volcano-tectonic and
high-frequency repeating earthquakes occurring in three distinct
swarms: July 12-13, July 17-20, and July 29-30, 2012 (Hurst et al.,
2014). This unrest was also marked by an increase in long-period (LP)
earthquakes which are associated with a source mechanism typically
ascribed to fluid resonance in the volcano conduit and fractures (Clarke
et al.,, 2021). On 6 August 2012, two local earthquakes of approxi-
mately magnitude 1.8 M; were recorded at 23:49:06 (UTC+12) and
23:49:21 (UTC+12). Jolly et al. (2014) located the first earthquake
directly within the head wall of the debris avalanche scar (Fig. 1),
suggesting it triggered the collapse of approximately 7 x 10° m? of ma-
terial from the northern flank of the volcano (Procter et al., 2014). This
first earthquake was then interpreted as concomitant with the onset of
the debris avalanche (Jolly et al., 2014). The second earthquake was
followed by a low amplitude persistent tremor for about two minutes,
interpreted as the signature of the debris avalanche, increasing in
amplitude and culminating in a series of explosive pulses beginning at
23:52:18 (UTC + 12), marking the onset of the phreatic eruption (Jolly
et al., 2014). The eruption is therefore presumed to result from depres-
surisation due to the unroofing of the hydrothermal system (Procter
et al., 2014). The end of this eruption phase was marked by the gen-
eration of an eruptive column about 10 km high (Crouch et al., 2014).
Intense degassing followed this eruption (Christenson et al., 2013) until
November 21, when a smaller eruption that caused localised ash fallout
and short-distance pyroclastic flows (Jolly et al., 2014) occurred.

The debris avalanche transformed into a cohesive debris flow that
travelled more than 2 km from the source and covered an area of 151
000 m? (Fig. 1), following the existing topography of the Mangatipua
Stream (Procter et al., 2014). Deposits are characterised by a mixture of
hydrothermally altered clasts and agglutinated scoria in a fine clay-rich
matrix.

3. Method

In this study, finite element slope stability simulations are per-
formed using the 2D finite-element analysis (FEA) software RS2. These
analyses examine the influence of the hydrothermal system on rock
properties and pore pressure distribution within the edifice, offering
insights into its impact on failure mechanics.
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FEM discretises the rock mass into smaller polygonal sections, calcu-
lating stress and strain at each node when subjected to external loads.
This approach allows for a more detailed representation of the internal
stress distribution and deformation characteristics (Duncan, 1996),
which is particularly useful in the Te Maari case study due to the slope’s
heterogeneous material properties, including highly deformable altered
materials (Fig. 3). The failure surface in each scenario is determined
through iterative techniques (Duncan, 1996), and corresponds to areas
of the edifice where the shear strength is no longer able to maintain
the shear stress applied (Wong, 1984). To calculate the critical shear
strength of the material and therefore quantify the stability at Te Maari,
we used the shear stress reduction (SSR) method (Zienkiewicz et al.,
1975; Matsui and San, 1992; Dawson et al., 1999; Zheng et al., 2006;
Chang and Huang, 2005). This method iteratively reduces strength
parameters until the FEM model fails to converge, which is interpreted
as failure (Duncan, 1996). The ratio of initial strength parameters to
reduced strength parameters at failure is then determined, expressed
as the critical shear reduction factor (SRF).

The general inputs required to conduct these FEM stability anal-
yses are the geometry of the edifice, the mechanical response of the
materials (e.g. failure criterion, strength parameters), the groundwater
conditions and the external forces (e.g. seismic loading).

3.1. Model geometry

Detailed topographic and subsurface information about the Te
Maari edifice are required as boundary conditions for the finite element
analysis (FEA). Pre- and post-event DEM data are available, allowing
a precise description of erosion processes and debris avalanche depo-
sition (Procter et al., 2014). A difference map between these elevation
models allowed the estimation of the debris avalanche source outline
(Fig. 1) and initial volume, ranging from 6,83 x 10° to 7,74 x 10°
m?3 (Procter et al., 2014).

Topography for the FEA is based on a 10 m resolution pre-event
DEM provided by GNS Science. This dataset was derived from 20 m
contours of the New Zealand LINZ national database originally obtained
through stereo photogrammetry in 1975 (Procter et al., 2014). The
post-topography is derived from a 1 m resolution post-event DEM ob-
tained through a LiDAR survey conducted in November 2012 (Procter
et al., 2014).

3.1.1. Subsurface geometry of the rock units

While most of the groundwater studies (Walsh et al., 1998; Hill
et al.,, 2015; Miller and Williams-Jones, 2016; Miller et al., 2018)
encompassed the entire volcanic edifice, the 2012 debris avalanche,
constituting a small and shallow event, is inherently very localised.
Consequently, the resolution of these studies does not allow for an
accurate identification of the heterogeneities within the shallowest
layers of the edifice near Te Maari. As a result, the geometry of our
model is guided by interpretations of these geophysical data, rather
than direct adoption of the geophysical models.

Our approach first used the image classification of Kereszturi et al.
(2018) which integrates data from several surveys, an airborne hyper-
spectral survey conducted in April 2016 (Kereszturi et al., 2018), and
the LiDAR survey of November 2012 used to generate the 10 m post-
event DEM. Field studies were also conducted in early 2017 (Kereszturi
et al.,, 2018) to investigate the lithologies located around Te Maari
craters. This classification effectively delineates the surface lithology,
particularly highlighting hydrothermally altered rocks in-situ at the
surface. The area of interest for our study is the Upper Te Maari crater,
wherein a highly localised zone of in situ alteration is observed (Fig. 1).
The identification of surface alteration in this area facilitates an initial
estimation of sub-surface properties.

Gravity data collected by Miller and Williams-Jones (2016) were
then used to estimate the three dimensional extent of the altered
material. Results revealed a local negative complete Bouguer Anomaly
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Fig. 1. (a) Location of the source and deposits of the 2012 debris avalanche. The blue line outlines the source location and the failure depth for each pixel is represented. The
dashed line outlines the phreatic eruption fissure. The red star represents the earthquake hypocentre from Jolly et al. (2014) (referred to as EQ (HF) 1 in their study), while the
red diamond marks the location of the TON2 station. Profile aa’ is used for 2D slope stability simulations. (b) Simplified geological map obtained from the hyperspectral-based
image classification of Kereszturi et al. (2018) (overall accuracy of 85%, misclassified areas are highlighted by white arrows). The red line outlines the extent of the hydrothermal

system from Miller and Williams-Jones (2016).

at Te Maari, indicating a low-density region and suggestive of the
presence of hydrothermally altered rocks. This low-density region was
delineated within a density isosurface of 2250 kg/m> (Fig. 1, Miller
and Williams-Jones 2016). Although this model can clarify the extent
at depth of the hydrothermal system identified in Kereszturi et al.
(2018), the surface alteration may not correspond to that found at
depth. Miller and Williams-Jones (2016) suggest that the highly altered
surface zones likely surround a core of less altered rocks that extends
to depth. Additionally, the relatively coarse resolution of the model
is sufficient to characterise the entire hydrothermal system across the
volcanic complex but lacks the necessary resolution to fully define
alteration at specific areas of the volcano.

The 2012 deposits originate from a shallow altered zone (Kereszturi
et al., 2018) and do not exhibit significant differences in geomechanical
properties (Procter et al., 2014). Therefore, the source of the debris
avalanche can be assumed from a single altered unit. In that sense, and
following other studies (e.g. Wallace et al. 2022), we simplified our FEA
models into two geological units (Fig. 2) :

» The altered unit encompassing rocks exhibiting signs of hy-
drothermal alteration.

+ The unaltered unit comprising rocks that are not or only slightly
affected by alteration processes.

This assumption is sufficient to evaluate the general influence of altered
geomechanical properties on the pre-event edifice stability.

We assume the 3D alteration extent as constrained on the surface
using the hyperspectral classification of Kereszturi et al. (2018), and
at depth using the low-density isosurface of Miller and Williams-Jones
(2016). These surfaces were merged using a convex hull, creating the
smallest convex volume enclosing all points from both surfaces. The
resulting volume (Fig. 2b) was assigned to the altered unit, and the
rest of the model to the unaltered unit. From this 3D geometry (Fig.
2b), we extracted a 2D profile, aa’ (Fig. 2c), following the major axis
of the observed failure, which is used for our numerical simulations.

3.2. Material mechanical response

3.2.1. Generalised Hoek—Brown criterion

To predict failure under triaxial stresses, our analyses employ the
Generalised Hoek-Brown (GHB) criterion, which accounts for the dis-
continuities and surface conditions of the rock masses (Hoek and
Brown, 1980; Hoek et al., 2002; Hoek, 2005).

This criterion comprises a set of non-linear equations, derived from
a combination of the work by Hoek (1968) on the brittle failure
of intact rock and Brown (1970) on the behaviour of jointed rock
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Fig. 2. (a) Topographic map of Tongariro. The white box highlights the area of interest. (b) Close-up of the area of interest, with contour lines representing the elevation (in
metres) of the 3D volume modelled as the altered unit, created by merging the data from Kereszturi et al. (2018) and Miller and Williams-Jones (2016). (c) 2D model geometry
along the aa’ profile (black profile on subfigure b). Unaltered rocks are shown in purple, altered rocks in yellow. The grey mesh represents a 6-Nodded Triangles Graded Mesh.
Red circles indicate restraints in the x-direction, red triangles represent restraints in all directions. The black line marks the post-topography of the observed source and the black

dashed box outlines the area for results interpretation in subsequent figures.

mass. The GHB criterion defines material strength in terms of principal
stresses as:

@

03 a
o) =03+ 0., (my— +5)
Oci
with o, and o3, the respective major and minor principal stresses; m,,
s and a, the empirical rock mass constants of the criterion; and o,; the
unconfined compressive strength (also referred as UCS).
When applying the GHB criterion, SSR-FEM returns the following
reduced shear strength envelope (Hammabh et al., 2005) at failure:

1 + amy(m, 2 + s)a-!
T ol bo, )

T T SRF -

(o) —03)

" SRF &)

7 represents the initial shear strength of the material. The reduced
shear strength, denoted 7, corresponds to the strength at which the
model fails to converge, indicating the onset of failure in the rock
mass. The Strength Reduction Factor, denoted as SRF, is the scalar
factor applied to incrementally reduce the material strength in SSR-
FEM approach, until the system becomes unstable. A SRF < 1 indicates
that the slope is unstable in its modelled form.

Models based on the GHB criterion require the following essential
numerical parameters:

2+ amb(mb§ + 5)a-!

» Young’s modulus (E), quantifies the material’s capacity to deform
under the effect of an applied load.

+ Poisson’s ratio (v), characterises the relationship between trans-
verse and longitudinal strains of the material when subjected to
an applied load, giving a crucial information on how the material
deforms.

Unconfined Compressive Strength (UCS or 6,;), corresponds to
the highest stress that a rock can withstand when subjected to a
unidirectional stress o, without any lateral support. UCS, based
on intact rock properties, serves as a reference strength in the
GHB criterion.

Geological Strength Index (GSI), is a visual index used for calcu-
lating the Hoek-Brown empirical constants (m,, s and a) (Hoek,
1994; Hoek and Brown, 1997; Hoek, 2005), and providing quali-
tative analyses of the surface conditions and structure of the rock
mass (Marinos and Hoek, 2000).

m;, m, and s, are the Hoek-Brown empirical rock mass con-
stants (Hoek and Brown, 1980). The disturbance factor D (Hoek
et al.,, 2002), reflecting the impact of anthropogenic actions is
fixed to O.

The geomechanical properties (porosity, UCS, Young’s modulus and
Poisson’s ratio) were estimated for the Te Maari edifice through multi-
ple field surveys (Fig. 3) and a literature-based dataset (Table 1) of rock
strength based on altered and unaltered andesitic rocks from Tongariro
[Kidd et al. unpublished data] and analogous rocks from Ruapehu (Mor-
densky et al., 2018b; Schaefer et al., 2023) and Whakaari (Heap et al.,
2015). The chosen analogue volcanic rocks are mineralogically similar
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Fig. 3. Field photographs. (a) Down view of the channel and the scar from the 2012 Te Maari debris avalanche. (b) Altered pyroclastic deposits exposed on the western side of
the debris avalanche scar. (¢) Clay-rich layer (suspected to be the sliding surface) with debris avalanche deposits on top. (d) Altered lava flow on the eastern side of the debris
avalanche scar. The black arrows show the approximate locations of photographs b, ¢ and d on photograph a.

Table 1
Summary of the dataset used to determine the mechanical parameters of the altered and unaltered units.
Unit References (Number of Parameters Lithology description
samples)
Heap et al. (2015) (17) UCs, ¢ Hydrothermally altered ash
Altered Unit tuff (Whaakari)
Mordensky et al. (2018b) UCS, ¢, E, v Altered brecciated margin lava
(33) (Ruapehu)
Schaefer et al. (2023) (4) UCS, ¢, E Autoclastic breccia showing
surface weathering (Ruapehu)
Kidd et al, unpublished Ucs, ¢ Lava showing intermediate
data (29) argillic alteration (Tongariro)
Mordensky et al. (2018b) UCS, ¢, E, v Unaltered dense coherent lava
Unaltered Unit 47) and unaltered intrusions
(Ruapehu)
Schaefer et al. (2023) (2) UGS, ¢, E Unaltered lava (Ruapehu)
Kidd et al, unpublished Ucs, ¢ Unaltered lava (Ruapehu)

data (4)

(both fresh and altered samples) and are assumed to have similar
mechanical properties.

To understand the effect of slope mechanical properties, we run
simulations with three different material property configurations (Ta-
ble 2): (1) a homogeneous slope (configuration H), where the entire
slope consists of a single rock unit, tested in both a medium-strength
unaltered unit (Ha) and a medium-strength altered unit (Hb); (2) a
heterogeneous slope (configuration M) with two rock units — one
altered and one unaltered — both with medium strength; and (3) a
heterogeneous slope (configuration W) where the altered unit has low
strength, while the unaltered unit maintains medium strength. The
strength of the unaltered unit (i.e. UCS) is considered as the median
from the collected dataset of unaltered rocks (Table 2). The UCS of the
altered unit is estimated either from the median (configuration M) or
the lower quartile (configuration W) of the collected dataset of altered
rocks (Table 2). Accounting for these various mechanical configurations
allows us to examine the effect of material strength on edifice stability.

The strength dataset (Table 1) is based on laboratory tests of intact
rocks, and tends to overestimate the strength of the material. Therefore,
field studies were undertaken to characterise the macroscopic-scale
conditions of the rock masses involved in the collapse through the de-
termination of the GSI. The GSI compares the strength of the rock mass
with the laboratory-calculated strength of the intact rock, operating
under the assumptions that the strength of the rock mass is controlled
by its structure and joints, and that the intact rock samples are homoge-
neous without discontinuities (Hoek and Brown, 1997). Ranging from
0 to 100, the index represents a proportion of the laboratory-calculated
stress. A lower GSI suggests that the total compressive force of the
rock mass is a smaller fraction of the laboratory-calculated compressive
force.

Field studies at Te Maari revealed that the debris avalanche deposits
lie on a highly altered, clay-rich surface (Fig. 3c), which is suspected
to be the sliding surface of the 2012 debris avalanche. This highly
deformable layer supports our choice to use the FEM, which accounts
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Table 2
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Summary of the input parameters for each mechanical property configuration. Except for the weak-strength altered unit UCS (in configuration W), which is a lower quartile, all
parameters are median values derived from a literature-based dataset made of 53 samples for the unaltered unit and 83 samples for the altered unit (Table 1).

Slope con- Number Unit Unit strength Initial Stiffness Strength Hy-
figuration of units properties (ucs) Conditions draulics
Unit weight Poisson’s Young’s ucs GSI mg s Porosity
(kN/m?) ratio modulus (MPa)
(GPa)
Ha 1 Unaltered Medium 26 0.25 35 160 60 6.66 0.012 0.03
Hb 1 Altered Medium 18 0.2 12 25 25 1.15 0.002 0.2
M 9 Unaltered Medium 26 0.25 35 160 60 6.66 0.012 0.03
Altered Medium 18 0.2 12 25 25 1.15 0.002 0.2
W 5 Unaltered Medium 26 0.25 35 160 60 6.66 0.012 0.03
Altered Weak 18 0.2 12 5 25 1.15 0.002 0.2

for the plasticity of the materials. Field studies also revealed that rock
masses outcropping in the 2012 debris avalanche scar have different
lithologies:

» The western side of the scar, which is composed of succession
of loose pyroclastic deposits, rich in highly porous scoriaceous
deposits, can be assimilated to the altered unit (Fig. 3b). It is
the closest approximation of the material that formed the failed
mass, described by Procter et al. (2014) as mainly composed of
‘variably hydrothermally altered breccias, scoria, tuff and other
coarse-grained diamictons’. This unit shows a disturbed to dis-
integrated structure with poorly interlocked mixture of angular
to subrounded rock pieces, and poor surface conditions showing
high level of alteration (sulfur stains, silica filling cracks). Regard-
ing these conditions, we attribute a GSI ranging from 20 to 30 to
that unit, which is consistent with GSI values attributed to similar
formations in other studies (e.g. Mordensky et al. 2018a).

Rock masses constituting the unaltered unit, notably the lava flow
forming the eastern part of the channel, show an imbricated and
blocky structure made up of cubic blocks ranging from half a
meter to a meter, separated by orthogonal fractures, and good
surface conditions with slightly altered, iron-stained surfaces (Fig.
3d). Closer to the scar, this lava flow shows local pocket of alter-
ation on the surface (e.g. white precipitation within the joints,
sulfur deposition, etc.). We estimate for this unit a GSI ranging
from 55 to 65, which is consistent with typical ranges of GSI
values found in the literature for fractured lavas (Moon et al.,
2005; Heap et al., 2019).

GSI and porosity values are then used to calculate the empirical
constants m;, m;, and s (through the Eberhardt (2012) equations), asso-
ciated with the GHB criterion. The parameters used for each mechanical
property configuration (Ha, Hb, M and W) are presented in Table 2.

3.3. Groundwater and seismic acceleration conditions

Whether fed by magmatic or meteoric fluids, the fluid circulation
strongly modifies pore pressure and causes strength changes in the
edifice. The three months preceding the eruption show no signifi-
cant increase in rainfall compared with the monthly average over
the last 30 years. Based on data from the two nearest NIWA stations
recording over this period (Mt Ruapehu Chateau Ews and Tongariro
Hatchery), we find that the quarterly average rainfall for May-August
2012 (266.9 mm and 189.2 mm respectively) is very similar to the
quarterly average recorded for the same period between 1991 and 2020
(268.6 mm and 182.9 mm respectively). Therefore, the correlation be-
tween the circulation of rain water and instability is not demonstrated.
Rainfall infiltration is therefore neglected in our simulations. However,
the seismic record analysis suggests an injection of magmatic fluid
prior to the event with small unlocatable micro-earthquakes at 23:46:50
(UTC +12), interpreted as increased flux of fluids from the shallow

magma system (Jolly et al., 2014). This fluid injection could possibly
have generated a rise in pore pressure throughout the hydrothermal
system.

Accounting for this prior knowledge and the complexity of the
hydrothermal system at Tongariro, we aim to better constrain the
groundwater conditions beneath Te Maari, their effect on the pore
pressure distribution, and the impact of these changes on slope stability.
Hydrothermal activity and its effect on the stability at Te Maari is there-
fore modelled using assumptions of hydrostatic pore pressure changes
and seepage (e.g. Mordensky et al. 2022). We tested the sensitivity of
volcanic flank stability to different groundwater conditions and seismic
effects with the following hydrostatic (configurations 1, 2 and 4),
pseudo-static (configurations 3 and 5) and seepage (configurations 6
and 7) assumptions:

1. no groundwater.

2. a wet edifice with an increase in pore pressure using a higher
pore pressure ratio in the altered unit (for heterogeneous mate-
rial property configurations).

3. a wet edifice with an increase in pore pressure in the altered
unit and seismic acceleration (pseudo-static coefficients based on
acceleration data).

4. a wet edifice with a high perched water table due to the imper-
meable clay layer.

5. a wet edifice with a high perched water table due to the imper-
meable clay layer and seismic acceleration.

6. no infiltration.

7. a range of infiltration rates (from 1 x 10 m s~! to 5 x 107°
m s~1), travelling upward from depth due to hydrothermal fluid
circulation.

Physical and mechanical boundary conditions allow movement at
the top surface whereas movements are restrained in the horizontal
direction for the lateral boundaries, and in all directions at the base
surface (Fig. 2c). Pore pressure conditions for both hydrostatic and
pseudo-static configurations were modelled as a single stage. Dynamic
conditions for pseudo-static configurations are applied as pseudo-static
loads to represent the earthquake ground motion during the event. For
seepage configurations, a localised infiltration is applied at the base of
the altered unit in a second model stage.

3.3.1. Hydrostatic and pseudo-static models

Configurations 2 and 3 assume an increase in pore pressure in the
altered unit (Fig. 4a). In these cases, we establish a pore pressure ratio
that evolves with depth as follows:

u
r,=— 3
(i 3
where u is the pore-water pressure, y is the unit weight of the soil
and z is the depth below ground. Considering a saturated edifice,
the unaltered unit is attributed to r, = 0.1, and the altered unit to

r, = 0.5. This pore pressure ratio approximates hydrostatic pressure
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Fig. 4. Groundwater boundary conditions. (a) Hydrostatic assumptions. R, is the pore pressure ratio applied in each unit for configurations 2 and 3. Blue line represents the
perched water table in configurations 4 and 5. (b) Seepage assumption. Blue line represents the total head (water table level). Depth of the total head (in meters) is indicated at
each vertical boundary (both external and material). Upper external boundary is characterised by 0 flow or no groundwater. Lower boundary is characterised by infiltration. K,

is the hydraulic conductivity of the altered unit.

in the altered unit and offers a reasonable, simplified and conservative
estimate for saturated initial conditions (e.g. del Potro et al. 2013).

Configurations 4 and 5 assume the presence of the clay-rich sliding
surface identified in field studies (Fig. 3c). This layer is likely the result
of intermediate argillic alteration of an initially highly porous layer
(e.g. pyroclastic deposits, Ball et al. 2018), leading to the precipitation
of phyllosilicates, significantly reducing its permeability and forming
local saturated zones (Ball et al., 2018). When these impermeable
layers perch on the slopes of the edifice, shallow pore pressure can
increase, thereby promoting instability (Ball et al., 2018). Building our
hypothesis on the potential of this clay-rich layer to act as a local
impermeable barrier to groundwater flow, we simulate a perched water
table elevated at the top of this layer (Fig. 4a).

Analysis of the eruptive sequence of the 2012 event by Jolly et al.
2014 identifies an earthquake of magnitude 1.8, located within the
head wall of the debris avalanche (Fig. 1). The latter is associated with
the onset of the debris avalanche, but its trigger role has not been
demonstrated. Given the small magnitude of this specific event, we do
not consider it sufficient to independently explain the destabilisation.
However, previous studies have demonstrated that the combined effect
of rising pore pressure and low-magnitude earthquakes can destabilise
volcanic edifices (e.g. Van Duong et al. 2023). In that sense, we
assess its potential influence in conjunction with pore pressure rise in
configurations 3 and 5. The pseudo-static method was used to simu-
late seismic acceleration, employing dimensionless seismic coefficients
derived from the study of Peak Ground Acceleration (PGA). The PGA
values of 0.003 g east, 0.005 g north, and 0.0013 g vertical were
calculated from velocity data recorded at the TON2 station (Fig. 1).

Given that the station is very close to the hypocentre (~ 350 m)
and assuming that local conditions are not significantly affected by
amplification or strong attenuation, we based the calculation of the
pseudo static seismic coefficients on these PGA values. Using Hynes-
Griffin and Franklin (1984) method, an horizontal seismic coefficient
of 0.020 (average of the x- an y-directions) and a vertical seismic
coefficient of 0.0065 were vectorially added to the gravity force on each
element of the mesh.

3.3.2. Seepage models

The hydrostatic pore pressure ratio approach (configurations 2 and
3) provides a useful preliminary assessment of slope stability without
requiring detailed groundwater data. However, it can be considered
more conservative (Mordensky et al., 2022) since it assumes that the
edifice is completely saturated. On the other hand, the perched water
table assumption (configurations 4 and 5) accounts for a partially
saturated altered unit and unsaturated unaltered unit, which is still a
simplified assumption.

A second set of models (configurations 6 and 7), also based on
profile aa’ (Fig. 2), are conducted to simulate the seepage effects,
providing a more accurate assessment of the dynamic effects of pore
pressure distribution on slope stability. This approach better represents
rock heterogeneities by simulating groundwater level as a function of
topography and accounting for the different hydraulic parameters of
rock units (Mordensky et al., 2022). The rock mass hydraulic parame-
ters were derived from Mordensky et al. (2022) based on the Pinnacle
Ridge units at Ruapehu. We assigned a hydraulic conductivity, K, of
1 x 1077 m s7! to the altered unit and K, of 6 x 1077 m s7! to the
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unaltered unit. Investigations of the groundwater system at Te Maari
indicate the presence of a gravitationally stable condensate layer at
1000 m a.s.] (Walsh et al., 1998; Hill et al., 2015; Miller et al., 2018),
which serves as a base to fix the lateral hydraulic boundary conditions
of the model with a total head fixed at 1000 m a.s.1 on the left boundary
and at 900 m a.s.] on the right boundary, representing the inclination
of the water table (Fig. 4b). The seepage models assume an almost
completely saturated altered unit with a total head fixed in the shallow
layers.

Using the interpretation of the seismic record of the 2012 eruptive
sequence by Jolly et al. (2014), we simulate a potential fluid infiltration
by implementing a vertical infiltration rate at the base of the altered
unit (Fig. 4b). The objectives, using seepage models, are to determine
the impact of a vertical infiltration on pore pressure distribution and to
identify the infiltration rates capable of replicating the 2012 failure.

In the following sections, we refer to our fourteen stability models
using abbreviations that indicate both material properties and ground-
water configurations (see Table 3). “H” represents homogeneous ma-
terial, “M” indicates a medium-strength altered unit, and “W” stands
for a weak-strength altered unit. Groundwater conditions are denoted
by the corresponding number from the groundwater conditions list. For
example, simulation M3 refers to a medium-strength altered unit under
a pore pressure ratio (r,) of 0.5.

4. Results

A total of 14 FEA simulations exhibiting different material, ground-
water and seismic conditions were performed (Table 3). The stability of
each simulation was quantified by calculating the critical SRF through
the SSR method (Zienkiewicz et al., 1975), presented for each simu-
lation in Table 3. This is the ratio of the initial strength parameters
to the reduced strength parameters at failure. A SRF < 1 indicates
that the initial strength state of the material is unstable, making the
slope more likely to fail. In homogeneous, dry edifice conditions, the
SRF is significantly greater than 1. Generally, weaker materials (“W”
configurations) yield a lower SRF, and higher pore pressures further
reduce SRF values. Only two scenarios, simulations W3 and M7, result
in SRF values below 1; both involve high pore pressure in the upper
layers of the edifice.

In our study, we further investigate the potential zone of failure for
each simulation using the maximum shear strain, which is defined as
the largest angle of deformation within a material under an applied
load and given as:

&€ — &
Tmax = = “

with y,,,,, the maximum shear strain, ¢; and 3, the minimum and
maximum principal strain.

Shown as coincident with the slip surface by several laboratory tests
(e.g. Roscoe 1970), maximum shear strain is simple to use, because of
its hyperbolic dependency with the shear strength (Duncan and Chang,
1970; Matsui and San, 1992). Using this technique, the failure surface
is not unique but consists in a yield zone extending from the base to
the top of the slope (Matsui and San, 1992). This yield zone allows
an interpretation of the overall location and geometry of the failure
surface.

4.1. Effect of material properties and discontinuities on failure

The post-topography surface outline (Procter et al., 2014) is used to
compare our results with the observed failure. Simulation results are
presented as the maximum shear strain distribution (Fig. 5) correspond-
ing to one or two strength-reduction stages past the critical SRF, which
allows for a better visualisation of the failure propagation.

The mode and extent of failure in dry homogeneous (H1) conditions
are approximately the same regardless of material properties, only
affecting the critical SRF, which reduces from SRF = 9.17 (Table 3)
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for unaltered homogeneous (H1a) to SRF = 3.37 (Table 3) for altered
homogenous configurations (H1b). Considering a dry, homogeneous
edifice (H1) with unaltered (Fig. 5a and 5b) or altered material prop-
erties, strain is primarily concentrated in a graben-type extensional
failure in the upper portion of the slope, with a deep-seated rotational
failure toe (Fig. 5a). This progressively connects with the extensional
failure at critical SRF to form a large rotational slip surface including
the upper part of the slope (Fig. 5b). The strain concentration zone
forms a slip surface of nearly 160 m deep and 930 m long (Fig. 5b)
for both material property scenarios (Hla and H1b).

In comparison, M1 and W1, the dry heterogeneous configurations
(Fig. 5c and 5d) show rotational strain concentration zones that are
mainly confined to the altered unit. These zones do not extensively
propagate into the upper portion of the slope, which is part of the
unaltered unit (Fig. 5¢ and 5d). The disconnected extensional failure
in the upper part of the slope is still observed. The resulting rotational
failures are much narrower than the homogeneous simulations (H1),
with collapse depths on average 50% smaller. Adding the altered unit
also has a significant impact on the overall stability of the slope with
a decrease in SRF (62%) for simulation M1 (Fig. 5c), which is more
pronounced (78%) when the altered unit is weaker (simulation W1,
Fig. 5d).

Therefore, considering an entirely homogeneous edifice (H1), the
upper portion of the slope is always involved in a large deep-seated
rotational failure. In contrast, a heterogeneous edifice (M1 and W1)
results in localised rotational failures that more closely represent the
slope failure at Te Maari. Despite showing shallower and thinner po-
tential collapses, the dry heterogeneous simulations still overestimate
the magnitude of collapse (i.e., the volume of material involved) and
produce extensional failures in the upper portion of the slope. More-
over, these configurations exhibit SRF > 2, indicating that the slope
remain stable.

4.2. Effect of hydraulic properties on failure characteristics

Simulations using dry conditions (Hla, H1b, M1 and W1) cannot
replicate the observed failure, thus other conditions (e.g. pore-water
pressure) must be explored. Here, we explore the effect of groundwater
parameters on stability to understand the impact of the hydrothermal
system on the failure.

4.2.1. Hydrostatic assumptions

Both the pore pressure ratio models (configurations 2 and 3) and
the perched water table models (configurations 4 and 5) exhibit similar
pore pressure profiles, closely approximating the hydrostatic pressure
(Fig. 6). However, slight differences between these profiles are ob-
served, particularly at shallower depths. In the pore pressure ratio
models, the vertical pore pressure profile is slightly higher in the
first 300 m compared to the perched water table configurations. The
perched water table is approximately located at a depth of 30 metres,
extending to the surface towards the northwestern boundary of the
altered unit (Fig. 4a). Therefore, the pore pressure remains zero over
the first 30 m in these models (Fig. 6), indicating an unsaturated layer
without matrix suction effects.

Although the difference in pore pressure is small, it results in
large variations in failure depths and extents (Fig. 7). In the perched
water table models (Fig. 7c and 7d), the strain concentration zones
reach maximum depths of approximately 110 m for simulation M4
and 130 m for simulation W4, both of which are significantly deeper
than the observed failure depth. They also reveal a longer major axis,
strongly controlled by the perched water table boundaries. Addition-
ally, considering either weak (W4) or medium strength altered unit
(M4), the initial slope conditions remain stable with a critical SRF >
1. In contrast, the pore pressure ratio models (Fig. 7a and 7b) show
strain concentration zones with substantially smaller maximum depths
of approximately 55 m for simulation M2 and 65 m for simulation W2,
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Table 3
Summary of the main conditions and results for each simulation. H and V stands respectively for horizontal and vertical pseudo-static seismic coefficients.
Conditions Results
Simulation Groundwater Seismic Material configuration Critical Max Pore
configuration coefficients (H ; V) SRF Pressure (MPa)
Hla Dry - Unaltered homogeneous 9.17 NA
Hlb Dry - Altered homogeneous 3.37 NA
) M1 Dry - Medium unaltered (UU) 3.46 NA
s and altered unit (AU)
@
S w1 Dry - Medium UU and weak 2.02 NA
=
o) AU
&
& M2 R, =05 - Medium UU and AU 1.58 7.7
= w2 R, =05 - Medium UU and weak 1 7.7
§ AU
% M3 R,=05 0.020 ; 0.0065 Medium UU and AU 1.47 7.7
w3 R,=05 0.020 ; 0.0065 Medium UU and weak 0.91 7.7
AU
M4 Perched water - Medium UU and AU 2.07 6.4
table
W4 Perched water - Medium UU and weak 1.26 6.4
table AU
M5 Perched water 0.020 ; 0.0065 Medium UU and AU 1.94 6.4
table
W5 Perched water 0.020 ; 0.0065 Medium UU and weak 1.18 6.4
table AU
% M6 No infiltration - Medium UU and AU 2.16 6.7
a
3 M7 Infiltration rate: - Medium UU and AU 0.97 8.7
w

1.5x 107® m s7!
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Fig. 5. Te Maari shear strain results under dry conditions. (a) Simulation Hla at multiple strength-reduction stages before the critical SRF and (b) at one strength-reduction stage
beyond the critical SRF for a homogeneous unaltered edifice. (c) Simulation M1 at one stage beyond the critical SRF for a heterogeneous edifice. (d) Simulation W1 at one stage
beyond the critical SRF for a heterogeneous edifice. The black line outlines the post-failure topography built from Procter et al. (2014) difference map.

as well as narrower extents. Simulation M2 presents a critical SRF of
1.58, whereas it reaches instability when considering a weak-strength
altered unit (W2), with a critical SRF of 1. Despite a slightly deeper
failure for simulation M2, both material property configurations show
approximately the same failure geometry.

These results show that the pore pressure state of the upper layers
significantly impacts the failure extent and depth. When the entire hy-
drothermal system is saturated and then subjected to high pore pressure
(simulations M2 and W2), we observe shallower collapses, resulting
in failure geometries similar to the observed failure. Therefore, we
consider that the modelled pore pressure in these models is a reasonable
simplified representation of the groundwater state during the event.
The most notable difference between the observed and simulated result

10

is the location of the failure, with the simulated failure shifted 80 m to
the northwest. Instability conditions are also achieved with a SRF of 1
when considering a weak-strength altered unit (W2).

4.2.2. Seepage assumption

By testing a wide range of infiltration rates (from 1 x 10~ to
5% 107 m s71), we determined the vertical infiltration rates that
could have triggered the observed failure depth. The infiltration point
is located at an approximate depth of 600 m. To compare the data
collected from each infiltration rate simulation, we compare results
using pore pressure at a depth of 30 m, as this corresponds to the
approximate depth of the observed failure surface above the infiltration
point.
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Fig. 6. Pore pressure profiles with depth along the black vertical profile shown in Fig.
7a, for both hydrostatic groundwater configurations: perched water table (blue) and
pore pressure ratio (red).

The results of infiltration rate simulations (Fig. 8) show very large
potential failure depths (70-100 m) and low pore pressures at failure
depth (P30) when the infiltration rates are lower than the hydraulic
conductivity (1 x 1077 m s~1). In contrast, the results show a linear
increase in pore pressure (P30) and generally shallower failure depths
(25-70 m) when infiltration rates are higher than the hydraulic conduc-
tivity. Collapses (SRF < 1) occur with infiltration rates of at least 1076
m s~1, corresponding to a pore pressure threshold of 200 kPa at failure
depth. This infiltration rate corresponds to a maximum infiltration
pressure of 8 MPa, which results in an excess pore pressure of ~ 1.5
MPa above hydrostatic at the infiltration site, indicating that even
a relatively minor change in pore pressure is sufficient to promote
instability.

We attribute the results in Fig. 8 to the development of a positive
pore-pressure front due to infiltration at depth. As the infiltration
rates exceed the hydraulic conductivity of the material, excess wa-
ter rapidly accumulates due to limited drainage options. This leads
to increased pore pressure around the infiltration point, which then
progressively propagates throughout the system. The saturation front
is then pushed through the initially unsaturated upper layers leading
to a buildup of shallow pore pressure (Fig. 8). Building pore pressure
in the shallow layers tends to promote shallower failures (Ball et al.,
2018). Conversely, if the infiltration rates are lower than the hydraulic
conductivity, the infiltrated fluid does not impact the upper layers
where the pore pressure remains zero, and the rocks remain stable (Fig.
8).

Among the unstable infiltration scenarios (Fig. 8), the two modelled
combinations of infiltration rates of 1.5 x 107 m s! (simulation
M7, Fig. 9¢), and 2 x 10 m s~1, corresponding to 30-meter depth
pore pressures of respectively ~ 260 kPa and ~ 290 kPa, provide the
most accurate representations of the observed failure depth and shape
(Figs. 8 and 9c), despite a northward shift of approximately 150 m.
In contrast, the no infiltration scenario (simulation M6, Fig. 9b), with
a water table level approximately aligning with the sliding surface,
exhibits a wide and deep failure, reaching a depth of 110 m, which
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closely resembles the results of the hydrostatic simulations M4 and W4
considering a perched water table (Fig. 7). Additionally, for simulation
M7, considering an infiltration rate of 1.5 x 107® m s, we note
the development of multiple shear bands, tilted in the slope direction,
propagating from the slope surface to the main slip surface, indicating

the potential for a retrogressive failure (Fig. 9).
4.3. Effect of seismic ground acceleration on failure onset

Our pseudo-static models allow us to evaluate the combined desta-
bilising effects of the low-magnitude earthquake located within the
head wall of the debris avalanche (Jolly et al., 2014) and the ground-
water circulation.

Pseudo-static seismic loading reduces stability by approximately
6%-9% compared to simulations without seismic loading, which in
most cases, is insufficient to trigger collapse. Models considering a
perched water table indicate that instability (critical SRF < 1) is not
reached with (simulations M5 and W5, Fig. 10) or without ground
acceleration (simulations M4 and W4, Fig. 7). Similarly, models ac-
counting for a pore pressure ratio and a medium-strength altered unit
show no instability (critical SRF > 1) with (simulation M3, Fig. 10)
or without ground acceleration (simulations M2, Fig. 7). The only
scenario in which the earthquake acts as a trigger is simulation W3,
which considers a pore pressure ratio and a weak-strength altered unit.
However, simulation W2 (without seismic loading) already indicates a
critically unstable initial state (critical SRF of 1).

Therefore, for seismic ground acceleration to act as a trigger, the
slope must already be substantially weakened by other preparatory
factors (e.g., alteration, pore pressure increase). Compared to seis-
mic loading, the destabilising effect of groundwater is much greater.
For example, groundwater parameters alone lead to an average 40%
reduction in critical SRF compared to dry simulations (Figs. 5 and
7). Moreover, no significant changes in terms of failure geometry
and magnitude are observed when adding the pseudo-static seismic
coefficients.

5. Discussion
5.1. Pre-event conditions: pore pressure-driven failure

Volcanic debris avalanches evolve in stages and failure cannot be
attributed to a single controlling factor, but is influenced by a com-
bination of preparatory and triggering factors (Van Asch et al., 2007).
Focusing on the pre-failure and failure stages, our Te Maari FEM results
enable us to describe the complex interplay between these preparatory
and triggering factors (inputs) and the slope responses (outputs) at
various pre-event scenarios tested under simplified assumptions.

Unlike homogeneous cases, where failure extent and depth are
largely governed by slope geometry and gradient (Zhang et al., 2013;
Sharma, 2013), composite volcanoes with hydrothermally altered rock
masses experience more complex failures, influenced by multiple fac-
tors. These volcanoes are built by layered eruptive products, including
lavas, pyroclastic and lahar deposits, each with distinct initial strengths
and alteration potentials (John et al., 2008; Mielke et al., 2015; Ball
et al., 2018). Such material discontinuities are particularly conducive
to instability, as they accumulate the highest deformation rates. Our
results highlight that in hydrothermally-affected failures, the mechani-
cal properties of the materials and their local geometry (e.g. layering,
discontinuities) play a significant role in determining the probable
failure extent. A simplified heterogeneous geometry (comprising an
altered and unaltered unit) effectively captures the location of the
failure surface in both area and depth.

Moreover, understanding hydrothermal fluid circulation is crucial,
as it may induce thermomechanical fracturing and chemical alteration
processes. It may also cause transient changes in pore pressure, a com-
mon trigger for shallow failures (Van Asch et al., 2007; Ball et al., 2018)
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Fig. 7. Te Maari shear strain results under hydrostatic groundwater configurations. (a) Simulations M2 and (b) W2 at one strength-reduction stage beyond the critical SRF. (c)

Simulations M4 and (d) W4 at one strength-reduction stage beyond the critical SRF.
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Fig. 8. Infiltration rate values (m s~!) leading to instability (triangular markers, SRF<1)
and stability (circular markers, SRF>1) as a function of the pore pressure at 30 m depth.
Colour scale displays the maximum depth of the modelled failure for each scenario.

within hydrothermal systems. By reducing effective stresses, material
strength is lowered and the stability threshold can be overcome. Our
simulations suggest that the 2012 failure was heavily influenced by
the groundwater conditions within the edifice. Simulations neglecting
pore pressure effects and focusing only on the mechanical properties
of a dry edifice (Hla, H1b, M1 and W1, Fig. 5) result in significant
overestimates of the stability and the volumes of potential collapses.
The presence of water in the edifice reduces the SRF by 50%—-60%,
with significant changes in collapse volumes. Simulations incorporating
positive pore pressures within the upper layers (simulations M2 and
W2, Fig. 7; simulation M7, Fig. 9; simulations M3 and W3, Fig. 10) of
the edifice were able to reproduce similar failure depths as the observed
failure. Simulations considering a perched water table approximately
30 to 40 meters deep (simulations M4 and W4, Fig. 7; simulation M6,
Fig. 9; simulations M5 and W5, Fig. 10) result in more substantial
failures, as there is no pore pressure reducing the effective stresses in
the upper layers. Elevated pore pressure in the shallow regions of the
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edifice results in shallower failures and smaller collapse volumes (Ball
et al., 2018), indicating its role in the small localised failure at Te Maari
in 2012.

Consequently, we attribute instability at Te Maari to two mech-
anisms: strength reduction due to rock alteration and elevated pore
pressures at shallow depths. The relationship between these mecha-
nisms is not clearly demonstrated by our simulations. However, our
simulations show that simply considering the presence of an imperme-
able layer (potentially formed by clay precipitation) does not replicate
the magnitude of the observed failure. An increase in pore pressure
in the shallow layers is necessary to replicate the observed instability.
Our simulations also indicate that the likely trigger for this pore pres-
sure increase is fluid infiltration from depth within the hydrothermal
system (simulation M7, Fig. 9c¢), supporting the seismic interpretation
of Jolly et al. (2014). This configuration can reproduce failure depths
and shapes similar to those observed but is less constrained than the
hydrostatic model, which is better at locating the failure. Infiltration
models carry more uncertainties, particularly regarding the location
of the infiltration point, which significantly influences the failure’s
position. Nevertheless, the hydrostatic model, assuming a uniform pore
pressure ratio to represent elevated pore pressures in the altered unit,
fails to capture the heterogeneous permeability structures characteristic
of a composite volcano slope (del Potro et al., 2013; Ball et al., 2018).
Moreover, the interplay between rock mechanics and groundwater
circulation is complex and other unexplored effects could contribute
to instability (e.g. thermodynamic effects).

5.2. Failure mechanics over time

FEM enables an evaluation of displacements, stresses, and deforma-
tions across the entire edifice. This method proves particularly suitable
for inferring progressive slope failure influenced by deformations and
time.

Visual analysis of Te Maari’s post-event topography using the LIDAR
survey carried out in November 2012 by Procter et al. (2014) reveals a
circular failure with a failure plane angle of ~ 20°. A discontinuity in
the failure plane is observed, which we interpret as the limit between
two ellipsoidal failures (approximated on Fig. 11): slide block 1 (SB1),
with its top part attributed to the discontinuity detected by LiDAR
analysis and a failure plane angle of ~ 23°; and slide block 2 (SB2),
with its base attributed to the discontinuity location and a failure plane
angle of ~ 20°.
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Fig. 9. (a) Pore pressure profiles along the black vertical query for simulation M6, without infiltration (red) and for simulation M7, with infiltration (blue). (b) and (c) are Te
Maari shear strain results under seepage groundwater configurations: without infiltration (b) and with an infiltration of 1.5 x 107 m s™! (c).
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The topography of this slip surface (Fig. 11) suggests a two-stage
progressive failure, characterised by the collapse of SB1 followed by
SB2. This hypothesis is supported by our simulations, which were based
on the closest result to the initial phase location (SB1) of the collapse
(Fig. 11). Therefore, we used simulation M2 (Fig. 7) to delineate SB1
outline (red outline in Fig. 12). Comparing this outline with the LiDAR
visual analysis, we find that the modelled slip surface approximately
aligns with the extent and position of the observed SB1 (Fig. 11).
However, a slight northward shift (10 to 15 m) of the failure base
is noted, potentially due to model uncertainties (e.g. pre-event DEM
uncertainty) or residual material within the scar.

We propose that the second phase of the failure is characterised by
the collapse of SB2 in response to the destabilisation of SB1. To test
this hypothesis, a 2D simulation (Fig. 12), built with the M2 post-SB1
collapse topography as the external boundary and the same strength

and pore pressure parameters, was performed. With a critical SRF <1,
the material is unstable and therefore collapses. At the critical SRF,
the extent of the simulated SB2, defined by the surface of maximum
shear strain in Fig. 12b, is smaller than the SB2 observed by LiDAR
analysis. However, examining several strength-reduction stages after
the critical SRF (Fig. 12c) reveals that the failure propagation aligns
with the observed slip surface of SB2 (Fig. 11).

Our 2D model (Fig. 12) then confirms that a second block collapses
in response to the sliding of the first block. Confirming the progressive
failure hypothesis through field measurements or satellite imagery can
be challenging (Moretti et al., 2015). However, additional work can
be carried out to determine the number and timing of each failure
phase by analysing the forces inverted from the long-period seismo-
grams (Favreau et al., 2010; Moretti et al., 2012, 2015; Mitchell et al.,
2022).
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Fig. 11. Te Maari shear strain simulation M2 at critical SRF. Post-event topography (black line, Procter et al. 2014) overprinted on the 2D profile. Red line indicates the approximate
slip surface of SB1 based on the post-event topography. Blue line delineates the approximate slip surface of SB2 based on the post-event topography.
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Fig. 12. Progressive failure model. (a) Te Maari shear strain simulation at critical SRF, on post-event topography from simulation M2. (b) Zoom on failure location at critical SRF
(¢) Zoom on failure location at SRF = 1.49. Black dashed outline represents the pre-event topography. Red line delineates the modelled post-topography after the collapse of SB1.

Blue line delineates the modelled post-topography after the collapse of SB2.
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5.3. Implication for future hazard assessment

Consistent with previous studies (e.g. Finn et al. 2018, Ball et al.
2018, Mordensky et al. 2022), our simulations highlight the influence
of various parameters, especially alteration and groundwater parame-
ters, on volcanic flank stability. Our results show that the presence of
water-saturated altered rocks within the edifice significantly decreases
the SRF with associated changes in collapse volumes. An increase
in pore pressure in the shallow part of the edifice (e.g. through an
elevated water table) tends to trigger shallow and minor collapses,
as demonstrated by Ball et al. (2018). Seepage analysis results for Te
Maari have shown that even a relatively deep infiltration can induce
fluctuations in water-table elevations, thus modifying the pore pressure
in the shallow layers of the edifice.

The outcomes of our simulations are primarily influenced by the
accuracy of the hydrological parameters rather than the geomechanical
parameters (Okunishi and Okimura, 1987; Haneberg, 1991; Van Asch
et al., 2007). Simulations that do not consider the fluid distribution
within the edifice generally result in an overestimation of slope stability
and potential collapse volumes compared to the Te Maari failure.
However, the accuracy of our hydrological configurations are lim-
ited by the relatively low-resolution groundwater data. Therefore, to
refine the three-dimensional distribution of pervasive alteration and
shallow groundwater within New Zealand’s volcanoes, more detailed
geophysical surveys must be conducted, e.g. involving detection by
electromagnetic data or induced polarisation (Finn et al., 2001, 2007;
Miller and Williams-Jones, 2016; Revil et al., 2017; Finn et al., 2018).
Low electrical resistivities characterise zones of hydrothermally altered
volcanic rocks (due to their water and clay content) as well as ground-
water of various salinities (Finizola et al., 2006; Finn et al., 2007). In
addition to these geophysical analyses, regular monitoring of springs or
wells located around the edifices can serve as a quick and cost-effective
initial step in assessing the stability of active volcanoes (Ball et al.,
2018).

Post-eruption field investigations and airborne hyperspectral imag-
ing (Kereszturi et al., 2018) indicate that additional areas can substan-
tially be affected by hydrothermal alteration, especially around Red
Crater, Ketetahi Hot Springs and Te Maari craters (Fig. 1). Our sim-
ulations show that considering an altered material strongly decreases
edifice stability, primarily due to the weakening of rock strength caused
by chemical replacement of primary minerals. Therefore, by consider-
ing hydrothermal alteration as first-order potential sources of debris
flow, a scenario similar to the 2012 event may be repeated, and can
pose a significant danger, especially to both infrastructures and hikers
on the Tongariro Alpine Crossing.

6. Conclusions

The interaction between preparatory and triggering factors offers in-
sight into the complex mechanics underlying the 2012 debris avalanche
at Te Maari. Our simulations highlighted several aspects of this com-
plexity.

Firstly, the magnitude and shape of the collapse are primarily
controlled by the heterogeneous nature of the edifice and the circu-
lation of hydrothermal fluids. Simulations indicating relatively minor
(~ 250 kPa) change in pore pressure in the upper layers were able
to replicate instabilities with geometries and magnitudes closely sim-
ilar to the observed failure, confirming the failure was driven by a
pore pressure change. This mechanism also accounts for its shallow
depth (Ball et al., 2018), illustrating the significant potential impact
of slight pore pressure variations on stability. The triggering effect of
the small-magnitude earthquake, identified by Jolly et al. (2014), is
only demonstrated for a specific set of parameters, which necessarily
involves an increase in pore pressure in shallow layers and the presence
of weak-strength altered materials. This set of parameters tends to
underestimate material strength, suggesting that the earthquake may
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just be a consequence of the groundwater circulation or the debris
avalanche itself.

Secondly, our analysis of the observed post-failure topography re-
veals two ellipsoidal scars. Additional simulations on post-event topog-
raphy suggested that the 2012 failure at Te Maari was progressive.
Highlighting the dynamics of the failure at Te Maari, these simulations
indicate a two-stage failure where the destabilisation of a first block led
to the subsequent failure of the second block. The progressive nature
of this failure would affect flow dynamics, increasing the complexity
of the flow. Depending on the time interval between collapses, it can
either cause deceleration, when phases act independently and material
deposition obstructs the flow path, or acceleration, when phases act
dependently, increasing momentum.

Thirdly, in terms of hazard assessment, the post-failure phase
presents the main risk to nearby populations and infrastructures. There-
fore, debris avalanche risk assessment requires a comprehensive un-
derstanding of flow dynamics, by the quantification of flow physical
parameters such as runout distances, movement velocities, and inunda-
tion depths. These properties are largely influenced by the conditions at
failure (preparatory and triggering factors). Our study shows that it is
essential to better constrain these conditions, particularly the extent of
the hydrothermal system and the groundwater distribution within the
edifice, as it can significantly reduce stability and affect the magnitude
and sequence of collapse. Additionally, the presence of water in the
failed mass can affect the flow dynamics by causing fluidisation,
thereby increasing the runout distance and potential impact area. On
Te Maari, but also on other New Zealand stratovolcanoes (e.g. Ru-
apehu, Whakaari), significant areas of hydrothermally altered rock
remain (Kereszturi et al., 2018, 2021) contributing to reduced stability.
Consequently, a scenario similar to the 2012 event may be repeated,
posing a significant risk to both infrastructures and population in New
Zealand.
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