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ABSTRACT

Landslide failure mechanisms are influenced by topography, lithology, structure and rock mass damage — factors
that also control landslide susceptibility. Failure mechanisms, however, are rarely considered in regional-scale
coseismic landslide susceptibility analyses. In this study, we use 3D pixel tracking in pre- and post-earthquake
aerial imagery, geomorphic mapping, rock mass characterisation, and geophysical ground investigations to
develop conceptual models for three earthquake-induced landslides triggered by the 2016 Mw 7.8 Kaikoura
earthquake on New Zealand's South Island. Analysis of two incipient landslides in Cretaceous greywacke illus-
trates the failure stages of a rock mass comprising multiple sets of closely-spaced and low persistence discon-
tinuities. Conversely, analysis of a landslide in Neogene massive siltstones illustrates the role of high-persistence
bedding planes in generating large translational rockslides. These two distinct mechanisms typify failures in
highly deformed basement and overlying massive sedimentary rocks respectively, and highlight the link between
rock mass damage, failure mechanism, and initiation. In greywacke failures, the rupture plane initiated close to
the ridgetop and propagated as a joint-step-path failure along pre-existing, but low-persistence joints whereas the
landslide in Neogene siltstone initiated by sliding along weak, high persistence, bedding planes near the base of
the slope where topographic stresses are highest. Analysis of landslide displacements furthermore points out that
the evolution of landslides is closely related to rock mass characteristics. In highly jointed Cretaceous greywacke,
relatively little displacement is needed for rock mass disintegration and avalanching to occur whereas in
Neogene siltstone, the landslide displaces as a coherent body - even at large displacements.

Our results suggest that (1) failure mechanisms and, as a result, coseismic landslide susceptibility factors, may
vary fundamentally in different geological settings; (2) characteristic spatial landslide displacement patterns may
be used to remotely identify relevant failure mechanisms; and (3) the amount of displacement that can be
accommodated before a failure transitions from sliding to avalanching, is highly dependent on material char-
acteristics and topographic constraints.

1. Introduction

fracturing and rock strength degradation and further prepare slopes to
fail (Brideau et al., 2009; Gischig et al., 2016; Gramiger et al., 2017;

In tectonically active regions, faulting and folding build topography,
reduce rock mass strength, control bedrock structure — and therefore
predispose the landscape to landslides (Terzaghi, 1962; Gerber and
Scheidegger, 1969; Korup, 2004; Gallen et al., 2014; McColl, 2015;
Stead and Wolter, 2015; Upton et al., 2018). Additionally, weathering
and stress-induced fatigue can lead to rock mass damage through
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Donati et al., 2021). While landslides in tectonically active regions
frequently occur with no apparent trigger, many are triggered during
large earthquakes or heavy rainfall (Keefer, 1984; Tanyas et al., 2017;
Fan et al., 2019).

During an earthquake, the static stress state of a rock slope is per-
turbed due to seismic ground motion (Murphy, 2006). Topographic and
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geological site effects may further enhance ground acceleration through
amplification that is typically highest near the slope crest (Benites and
Haines, 1994; Meunier et al., 2008; Gischig et al., 2015; Massey et al.,
2017; Dafni and Wartman, 2021). These transient stresses may trigger
slope failure or, if failure does not occur, prepare the slope for failure in a
future event (Marc et al., 2015; Parker et al., 2015; Gischig et al., 2016).

Other triggers and preparatory factors such as rainfall events,
permafrost degradation, weathering, and erosion influence slope sta-
bility through increased pore water pressure, strength reduction and
increase of static topographic stresses (Terzaghi, 1962; Krautblatter
etal., 2013; Viles, 2013; Krautblatter and Moore, 2014; Bilderback et al.,
2015). In these cases, failure initiation typically occurs at the toe of the
slope where topographic stresses are highest (Eberhardt et al., 2004).

The same topographic and rock mass characteristics that control
landslide initiation also govern failure mechanism (Brideau et al., 2009;
Agliardi et al., 2013; Stead and Wolter, 2015). For example, if few
persistent discontinuities are present, slopes typically fail through
structural control (Fig. 1 A). These structurally-controlled failures are
well understood and are the basis of first-order rock slope stability
assessment through kinematic analysis (Hoek and Bray, 1981). In
contrast, in rock masses without persistent discontinuities, failure
commonly occurs through a step-path mechanism that can include
breaking of intact rock bridges (Eberhardt et al., 2004; Brideau et al.,
2009; Elmo et al., 2018) (Fig. 1 B). Homogeneous disintegrated rock
masses tend to exhibit rotational failure and behave as a continuum,
similar to a soil (Hoek and Bray, 1981; Eberhardt et al., 2004; Brideau
et al., 2009) (Fig. 1 C). While failure mechanisms are key to under-
standing how individual slopes will fail under various conditions, these
concepts are not typically used in regional-scale models of landslide
hazard.

Many studies have focused on landslide susceptibility modelling with
the aim to predict where coseismic landslides might occur on a regional
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scale (Jibson, 2011; Reichenbach et al., 2018). Statistics-based suscep-
tibility models typically rely on topographic, hydrologic, and general
lithologic factors that are used as proxies for physical parameters
influencing landslide susceptibility (Reichenbach et al., 2018). Physics-
based models, on the other hand, attempt to predict landslides based on
simplified geomechanical models taking into account material strength,
topography and ground motion characteristics (Jibson, 2011; Reid et al.,
2015; Grant et al., 2016; Pollock et al., 2019). These regional models
either assume a specific failure mechanism, which is applied universally,
or offer no insight into the mechanism of failure. Neither of these
methods provide significant insight into likely volumes. Landslide fail-
ure mechanisms and likely volumes, however, are critical for landslide
hazard and risk assessments. Moreover, despite the well-known
connection between failure mechanism and rock slope stability, little
emphasis has been placed on deriving landslide susceptibility factors
that are specific to a given failure mechanism for use in regional sus-
ceptibility models. This knowledge gap hinders our ability to reliably
forecast how landscapes and landslide hazards evolve (e.g. Brain et al.,
2021).

To address this gap, we present the results of detailed site-
investigations at three landslide sites following the 2016 Mw 7.8
Kaikoura earthquake on the South Island of New Zealand. Based on 3D
pixel tracking in pre- and post-earthquake imagery, geomorphic map-
ping, rock mass characterisation, and geophysical surveys, we develop
two conceptual models of failure mechanisms in two different rock types
that serve as useful archetypes of c. 70 % of landslides recorded in the
2016 Kaikoura earthquake landslide inventory (Massey et al., 2018b).
Based on these two failure mechanisms, we discuss physical processes of
initiation that could explain the observed pattern of landslide defor-
mation and link them to relevant landslide susceptibility factors in the
different geological settings affected by the Kaikoura earthquake.
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2. The 2016 M,, 7.8 Kaikoura earthquake and site geological
settings

On November 14th 2016, the Mw 7.8 Kaikoura earthquake caused
>20 crustal faults to rupture to the surface (Fig. 2) (Litchfield et al.,
2018). Recorded ground motions exceeded 1.0 g horizontal acceleration
and up to 2.7 g vertical acceleration (Bradley et al., 2017). As a result,
around 30,000 coseismic landslides over an area of about 10,000 km?
were triggered (Fig. 2) (Dellow et al., 2017; Massey et al., 2018b; Massey
etal., 2020a). Based on initial field observations, rock type and structure
exerted a strong control over slope failure mechanism during the
Kaikoura earthquake (Massey et al., 2018b). Landslides were triggered
in four main geological units: Lower Cretaceous basement rocks (pre-
dominantly greywacke sandstone and argillite of the Torlesse Super-
group's Pahau Terrane); Upper Cretaceous to Paleogene units
(limestone, sandstone, siltstone); Neogene sedimentary rocks (massive
but weak limestone, sandstone, and siltstone) and Quaternary sand, silt,
and gravel (Massey et al., 2020a). Of the total number of landslides, c.
73 % were located in Cretaceous basement rocks, c. 13 % in Upper
Cretaceous to Paleogene units, c. 9 % in Neogene sedimentary rocks, and
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c. 5 % in Quaternary sand, silt and gravel (Massey et al., 2020a).

In this study, we focus on investigating the failure mechanisms of
landslides that occurred in Lower Cretaceous basement rocks and
Neogene sedimentary rocks, which respectively compose c. 60 % and 9
% of the surface geologic units in the area affected by coseismic land-
sliding (Massey et al., 2018b). Torlesse basement rocks predominantly
consist of interbedded sandstone and argillite and are loosely referred to
as greywacke (Rattenbury et al., 2006). Typically, greywacke is char-
acterised by closely-spaced discontinuity sets (Brideau et al., 2020).
Coseismic slope failures in this rock type were mainly rock falls and
debris and rock avalanches, with the volume of failure typically limited
by the heavily jointed nature of the rock mass (Massey et al., 2018b).
Although rare, large-volume landslides that occurred in greywacke
slopes were structurally controlled by one or more persistent disconti-
nuities (Massey et al., 2018b).

Neogene sedimentary rocks in the Kaikoura region are typically
weak (Uniaxial Compressive Strength <2 MPa), but massive, and fail-
ures occurred primarily as slides and rotational failures along bedding
planes or other persistent discontinuities (Massey et al., 2018b). A few
more weathered portions of the Neogene sedimentary rocks failed as
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shallow debris avalanches and flows (Massey et al., 2018b). Many
landslides in Neogene sedimentary rocks were reactivated during the
2016 earthquake (Massey et al., 2018b).

We selected two landslides in Torlesse greywacke and one landslide
in Neogene siltstone for detailed site-specific analysis (Fig. 2). Since
many slope failures in greywacke occurred as debris and rock ava-
lanches with fully evacuated source areas (i.e. no material remains in the
source area), few sites preserve evidence of the coseismic failure
mechanism (Massey et al., 2020b). As a result, in Torlesse greywacke,
we specifically chose an incipient landslide (Okiwi Bay, Fig. 2) and an
incipient slide that partially transitioned to a rock avalanche (Mt Peter
South, Fig. 2) for our analysis. We also analysed a landslide in Neogene
siltstone (Stanton River East, Fig. 2), which is geomorphologically
similar to, and representative of, many other failures in this lithology.

3. Data and methods

The three selected landslide sites were characterised using field and
remote mapping (geomorphological and structural mapping, rock mass
characterisation), 3D pixel tracking in pre- and post-earthquake imagery
(Digital Image Correlation and topographic sampling), and geophysical
ground investigations (Fig. 3). Results of the different analyses were
then interpreted and used to build a conceptual model for each landslide
(Fig. 3). The term ‘conceptual model’ is used in this study to refer to the
conceptual engineering geological ground model of an individual
landslide. The term ‘failure mechanism’ is used herein to abstractly
describe the type and mechanism of a rock slope failure.

3.1. Aerial photographs and topographic data

Pre- and post-earthquake (i.e. 2015 and 2017) orthophotographs and
Digital Surface Models (DSM) produced from digital stereo aerial pho-
tographs with a resolution of 0.3 m and 1 m, respectively, were available
covering the main area affected by landslides (Massey et al., 2020b).
Additionally, 2016 post-event Light Detection and Ranging (LiDAR) and
high-resolution orthophotographs (20 cm) were available for analysis
(Massey et al., 2018a). These datasets were used as an input for Digital
Image Correlation and sampling of pre- and post-earthquake elevation
data (i.e. topographic sampling) as well as remote mapping (Fig. 3).

3.2. Field and remote mapping

Landslide geomorphology was mapped in the field and the rock mass
structure and quality was characterised for each site (Fig. 3). Joint
orientation, roughness, persistence and spacing were described using
ISRM (1978) and the Geological Strength Index (GSI) was estimated
(Hoek and Brown, 1997). The weathering grades of outcrops were
described following Brideau et al. (2020). Pre- and post-event
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geomorphological mapping was completed using the available
orthoimages and Digital Elevation/Surface Models (DEMs/DSMs).
Mapped features include ground cracks, scarps, debris trails, breaks in
slope, ridgelines, and hydrological features such as streams and drainage
channels. Differencing of the DSMs was used to constrain the spatial
extents of ground deformation.

3.3. Digital image correlation (DIC) and topographic sampling

Digital Image Correlation (DIC) is an image processing technique
that evaluates the internal misalignment of two images using a moving
window to compute displacements in line of sight (Bickel et al., 2018).
Using this technique, we derived horizontal coseismic landslide displace-
ments. Manual feature tracking was used to choose the appropriate
window size as well as to validate results obtained through DIC (tech-
nical specifications for each site are provided in the Supplementary In-
formation Table S1). Through co-registration of the images during pre-
processing in the DIC algorithm, homogeneous horizontal coseismic
tectonic displacement at a study site is automatically accounted for.

The vertical component of the displacement vector was obtained
through topographic sampling of the pre- and post- earthquake Digital
Surface Models (DSMs). However, to obtain true vertical landslide
displacement, coseismic tectonic displacements needed to be consid-
ered. To shift the pre-event DSM into the same reference frame as the
post-event DSM, we applied a landslide mask to a three-dimensional
tectonic displacement model produced by Howell et al. (2020) using
the Iterative Closest Point technique, and determined the average tec-
tonic displacement from the Kaikoura earthquake at each site. This
method assumes that tectonic displacement is homogeneous across the
site, which is likely valid since the analysis was carried out at a relatively
small site-specific scale and the study sites are not located within an area
of significant distributed deformation (Zinke et al., 2019; Bloom et al.,
2021). We examined the quality of the DSM shift through DSM differ-
encing of the corrected 2015 and the 2017 DSM and found that this
method provided a good correlation. Elevation differences in areas
without landslide deformation were considerably smaller than the
magnitude of landslide displacements (< 1 m).

Based on horizontal and vertical coseismic landslide displacements,
full 3D displacement vector fields were derived for each landslide. We
then projected the 3D displacements onto profile lines to analyze the
pattern of displacement in longitudinal sections parallel to the direction
of failure.

3.4. Geophysical surveys

Geophysical surveys were carried out at the Mt. Peter South and
Okiwi Bay sites to constrain the landslide geometries and rock mass
properties at depth (Fig. 3). Site conditions and topography introduced
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Fig. 3. Workflow and methodology applied in this study.
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different challenges for the two techniques used - as a result, we con-
ducted electrical resistivity surveys at Mt. Peter South and seismic sur-
veys at Okiwi Bay. No geophysical surveys were undertaken at Stanton
River East where field mapping and remote sensing data were sufficient
to construct a conceptual model for the failure.

3.4.1. Electrical resistivity surveys

Electrical resistivity is mainly a function of mineralogy, porosity and
ground water content (Archie, 1942). As a result, Electrical Resistivity
Tomography (ERT) is useful to gain information on fractures, weath-
ering, groundwater conditions, and water saturation of fractures within
a slope (Heincke et al., 2010). It has been successfully applied in land-
slide investigations to reconstruct landslide depth and geometry (Per-
rone et al., 2014). In this study, we conducted two ERT surveys at the Mt.
Peter South site to investigate the internal structure of the partially
failed landslide. The two ERT surveys were carried out using an Iris
Syscal resistivity meter using a 2.5 m electrode spacing along 240 m
profiles. Data were collected using Wenner-a and Dipole-Dipole elec-
trode geometries. The locations of points along each survey line were
recorded using a handheld Garmin GPS and elevation data were
extracted from the 2016 LiDAR DEM. We displayed the recorded data in
pseudosections to verify the geometry and remove anomalous data and
then inverted the 2D resistivity data with topography using the inversion
software Res2Dinv (Loke and Dahlin, 2002).

3.4.2. Seismic surveys

Seismic Refraction Tomography (SRT) is commonly used on land-
slides to carry out subsurface mapping of discontinuities, obtain bulk
rock mass properties, identify zones with high fracture density, and
derive the depth of the landslide (Heincke et al., 2006; Heincke et al.,
2010; Cody et al., 2019). Furthermore, multi-channel analysis of surface
waves (MASW) can be used to obtain 1D profiles of shear wave velocities
(Park et al., 1999) and is suitable for near-surface geotechnical char-
acterisation (Duffy, 2008; Pazzi et al., 2019; Whiteley et al., 2019). The
combination of SRT and MASW can be very useful in identifying changes
in water saturation and elastic properties of the rock.

Two SRT surveys with 24 geophones at 4 m spacing were carried out
along a vehicle track crossing the Okiwi Bay site perpendicular to the
failure direction. Seismic waves were created using a 20 lb. sledge-
hammer. A minimum of three shots were stacked to increase the signal-
to-noise ratio. The geometry of the geophone array and shot locations is
provided in the Supplementary Information, Fig. S1. The locations of the
geophone array and all source positions were recorded using a Trimble
Geo7x GNSS receiver. The seismic refraction data were processed using
Reflex W 7.0 (Sandmeier, 2012). Picking of first arrivals was carried out
manually in Reflex W. Tomographic results were then obtained through
two-dimensional (2D) inversion of the travel times for the first arrivals
in Reflex W. Ray path tracing was performed to understand the ray
coverage within the model cells, and those cells with low coverage were
masked because they were poorly resolved.

Additionally, a MASW survey using a 24-channel landstreamer with
2 m geophone spacing was carried out along the same vehicle track
crossing the Okiwi Bay site perpendicular to the failure direction.
Spacing between shots varied between 5 m and 30 m along the transect
due to topographic constraints. Seismic surface waves were generated
using a 20 lb. sledgehammer. A minimum of three shots were stacked to
increase the signal-to-noise ratio. The shot locations were offset by 10 m
from the MASW array and the midpoint of the geophone array was
recorded for each shot location using a Trimble Geo7x GNSS receiver.
The MASW data were processed using SurfSeis 6 (Kansas Geological
Survey, 2018). The surface waves showed significant dispersion across
the array. We manually picked dispersion curves for each array and
preformed a one-dimensional (1D) inversion of the curve in SurfSeis.
The resulting 1D shear-wave velocity profiles and Root-Mean-Square
Errors (RMSE) of each v, value were interpolated along a 2D profile in
MATLAB using a triangulation-based natural neighbor algorithm.
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3.5. Conceptual models

The results of Digital Image Correlation and topographic sampling,
field and remote mapping, and geophysical surveys were integrated to
develop conceptual models of each landslide (Fig. 3). Landslide surface
displacements as well as discontinuity data, geomorphology and, where
available, geophysical survey results were used to reconstruct the shape
of the rupture surface and interpret the failure mechanism at each site.

4. Site-specific results and interpretation
4.1. Mt Peter South landslide

The Mount Peter South landslide is located in the hills of North
Canterbury (Fig. 2) in Torlesse greywacke rock mass. This landslide
partially mobilised during the 2016 Mw 7.8 Kaikoura earthquake
(Fig. 4A). The upper portion of the slope exhibits ground deformation
thought to represent incipient sliding while the lower portion of the
landslide transitioned into a debris avalanche during the 2016
earthquake.

4.1.1. Geomorphology

The hillslope on which the Mt. Peter South landslide occured has a
slope of c. 28 to 35° and ranges in elevation between 520 m.a.s.l. and
750 m.a.s.l. The head scarp of the incipient landslide is located close to
the ridgeline and the debris trail of the avalanche extends to the valley
bottom. The northern lateral boundary of the landslide is clearly marked
by a lateral scarp, whereas the southeastern lateral boundary is
expressed diffusely through minor bulging. The incipient portion of the
landslide can be divided into three deformation domains based on pre-
dominantly translational, compressional, and extensional morpholog-
ical surface features (Fig. 4B). The translational domain is bounded by
the head scarp and a concave break in slope. Multiple translational sub-
domains were mapped, which show relatively little internal deformation
and are typically delineated by scarps and tension cracks. The occur-
rence of tension cracks within the translational domain indicates that
some extension occurs in this domain. However, since the extensional
deformation in this domain is mainly concentrated in zones between
translational sub-domains, we refer to it herein as the translational
domain. The compressional domain is characterised by counter scarps
and bulging and is found in a zone of the slope with comparatively low
slope angles. Further downslope, slope angles become steeper and ten-
sion cracking is abundant — this domain is therefore described as the
extensional domain (even though, to a lesser extent, translation also
occurs).

Pre-earthquake geomorphology observed on the 2015 DSM suggests
that a relict landslide is located in the southern part of the hillslope
(Fig. 4B). Even though the extent of the 2016 coseismic landslide and the
relict landslide are not identical, it is likely that the occurrence of the
2016 coseismic landslide was influenced by the pre-existing landslide (i.
e. representing an enlargement of the relict landslide). Here, however,
we focus on the well-constrained coseismic deformation of the slope.

4.1.2. Coseismic landslide displacements

Digital Image Correlation (DIC) and topographic sampling of the Mt.
Peter South landslide pre- and post-earthquake shows an average of 6.4
m 3D coseismic landslide displacement (Fig. 4C). Maximum 3D dis-
placements of up to 12.3 m are found in the central portion of the slope.
In areas with debris cover and high ground disturbance (i.e. cracks), the
images cannot be correlated using DIC. Maximum horizontal displace-
ments from manual feature tracking in the central portion of the land-
slide reach up to 15.4 m.

In the northern portion of the landslide the magnitude of displace-
ment downslope of the head scarp stays relatively constant at c. 8 m
(Fig. 4C and D, Profile 1). Ground cracking observed between c. 10-40 m
along profile 1 can be associated with the head scarp. No major ground
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Fig. 4. Mt. Peter South landslide in North Canterbury (A) and mapped geomorphology (B) based on the post-earthquake 2016 DEM. Coseismic horizontal
displacement vectors were projected on to two longitudinal profiles (C) and plotted in (D).

cracking is observed between c. 40-110 m along profile 1, where dis-
placements stay relatively constant. From c. 110 m along profile 1, a
high density of tension cracks in the extensional domain prevents
displacement measurements using DIC (Fig. 4D).

In the southern portion of the landslide (Fig. 4C and D, Profile 2) the
magnitude of displacement gradually increases below the head scarp of
the landslide (c. 40-100 m along profile 2) and reaches a maximum
displacement of c. 6 m (c. 100-150 m along profile 2). Two zones of
ground cracking (at c. 40 m and 75 m) can be observed in this part of the
profile, which can be associated with the head scarp and a counterscarp,
respectively. Subsequently, displacement magnitudes decrease towards
the diffuse southeastern lateral boundary of the landslide (c. 150-200 m
along profile 2) without any ground cracking occurring.

4.1.3. Rock mass structure and properties

Greywacke rock mass is exposed in outcrops along the head scarp
and in ground cracks within the landslide as well as in several places
outside the area affected by the landslide. The rock mass consists of
closely jointed moderately to highly weathered sandstone. While not
observed in any of the outcrops in and around the landslide, bedding
dips steeply towards the west in this region (Supplementary Informa-
tion, Fig. S2). Four main joint sets (JS1-4) with m-scale persistence were

identified by structural measurements collected along the head scarp of
the landslide and in outcrops just outside of the landslide extent (Sup-
plementary Information: Table S2). Small-scale fractures (c. 1-20 cm
persistence) were observed in abundance in these outcrops but are
highly variable in orientation, and are thus considered to be randomly
oriented. In outcrops within the landslide (i.e. head scarp, tension
cracks, and counter scarps), GSI estimates range from 30 to 40 (Sup-
plementary Information, Fig. S3). Outside the landslide, outcrop GSI
ranges from 45 to 55 (Supplementary Information, Fig. S3).

The two Electrical Resistivity Tomography (ERT) surveys conducted
at Mt. Peter South using both Dipole-Dipole (Fig. 5) and Wenner-a
acquisition (Supplementary Information, Fig. S4) indicate the variability
of rock mass properties with depth and allow us to interpret landslide
depth. These interpretations are based on the hypothesis that intact
greywacke is resistive. Fracturing increases porosity and, thus, if frac-
tures in greywacke are unsaturated and do not contain clay, resistivity
increases (i.e. the ability of the rock to conduct electricity decreases). If
clay fracture infills are present due to weathering of the rock mass or the
rock mass is saturated, resistivity will decrease.

In the longitudinal section (Fig. 5B), a 5-m-thick zone of high re-
sistivity can be observed along the ridge crest (c. 0-45 m along profile).
This section of the profile is located outside of the landslide and the high
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resistivity zone (> 800 Ohm m) likely represents unsaturated and in-situ
but fractured rock or soil. Downslope of the head scarp (c. 50-70 m
along profile), a very high resistivity zone from 0 m - ¢. 10 m depth can
be observed (Fig. 5B). This zone corresponds to an area with a high
density of tension cracks that mark the upper end of the translational
domain at the surface (Fig. 4B). A resistivity of >1500 Ohm m can be
explained by the high porosity in the head scarp and tension cracks
provided the area is unsaturated. We therefore interpret the sharp re-
sistivity contrast at c. 10 m depth as the landslide base. Below the
landslide base, an increase in saturation or drop in porosity may increase
electrical conductivity in the intact rock mass, reducing the resistivity to
<500 Ohm m. Further downslope (c. 70 m — 110 m along profile), a
contrast between high resistivity (500-1000 Ohm m) at depths shal-
lower than c. 10-15 m and lower resistivity (< 500 Ohm m) at greater
depths remains, but is less stark than farther upslope (Fig. 5B). This
resistivity contrast could indicate that the shallow material in this part of
the translational domain remained more intact, but some rock mass
damage and resulting increased porosity are associated with the basal
failure zone. As such, we interpret that landslide depth in this part of the
slope is located at c. 10 m depth.

Between c. 110 m - 150 m along profile (Fig. 5B), resistivity is
generally low and no sharp contact with the underlying geology can be
seen. This part of the profile corresponds to a concave break in slope and
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the transition between the translational and compressional domains at
the surface (c. 127 m along profile). In this part of the slope saturation
conditions possibly change due to the concave break in slope. Further-
more, compressional deformation could lead to a decrease of porosity
and, hence, lower resistivity. As a result, landslide depths in this part of
the slope are poorly constrained. In the extensional geomorphological
domain (> 150 m along profile), resistivity at depths c. < 10 m are
moderate to high (500-1000 Ohm m) based on the Dipole-Dipole
acquisition results (Fig. 5B). In the results of the Wenner-a acquisition,
however, a resistivity contrast at c. 5-10 m is apparent in this part of the
profile (Supplementary Information, Fig. S3). High resistivity values in
this part of the slope could be related to the high density of tension
cracks in unsaturated conditions. However, Dipole-Dipole results would
be expected to be more sensitive to discrete fractures than Wenner-o
results. The difference in resistivity results between the two acquisition
protocols and the end-of-line location therefore suggest that measure-
ment uncertainties are high. With some uncertainty, landslide depth in
the extensional domain can be estimated to c. 10 m depth. All along the
longitudinal section (Fig. 5B), some variability in resistivity can be
observed below depths of c. 10-15 m. This is likely related to lithological
variability (i.e. argillite and sandstone beds) as resistivity contrasts are
sub-vertical and bedding at the site is dipping steeply to the west
(Supplementary Information, Fig. S2).

The transverse section (Fig. 5C) crosscuts the translational and
compressional domains of the landslide (Fig. 4B). At the mapped lateral
scarp of the landslide (c. 40 m along profile), an increase in resistivity of
c. 10 m depth is observed. This resistivity contrast can be traced between
c. 40 and 100 m along profile at c. 10 m depth (Fig. 5C). This section of
the profile corresponds to the translational domain and, similar to the
longitudinal profile, the resistivity contrast can be explained by
increased porosity in unsaturated conditions. The base of the high re-
sistivity zone is interpreted to be the base of the landslide. At c. 100 m
and c. 140 m along profile, sharp resistivity contrasts each coincide with
the counterscarp that marks the transition between the translational and
compressional domain (Fig. 5C). Very high resistivity of c. 10 m depth
and a sharp horizontal contrast can be observed in the compressional
domain (c. 100-140 m along profile). This very high resistivity zone (>
1500 Ohm m) is likely related to the counterscarp causing locally very
high porosity in unsaturated conditions. A c. 5-m-deep high resistivity
zone continues in the translational domain (c. 140-200 m along profile)
and beyond the lateral scarp of the landslide (> 200 m along profile).
The depth of the landslide in this section along the profile can be
interpreted to about 5-10 m depth. In the field, a shallow layer of col-
luvium (c. 1 m thick) possibly related to the relict landslide present in
this part of the slope was observed in this area, which could explain the
continuation of a c. 5-m-deep high resistivity zone south of the lateral
scarp of the landslide. Zones of high resistivity at depths greater than the
interpreted landslide base (i.e. > 10-15 m) are present in the southern
part of the profile (c. 100-220 m). These zones could be related to
saturation conditions or local variabilities in rock mass properties
(Fig. 4B).

4.1.4. Conceptual model and interpretation of failure mechanism

At the Mt. Peter South site, the observed displacement patterns
correlate well with the interpreted geomorphological deformation do-
mains (Fig. 4B and C). The translational domains are characterised by
constant displacements and relatively little internal deformation. The
compressional domain shows a downslope decrease of displacement
magnitude. Some distinct counterscarps were mapped, which accom-
modate parts of the deformation resulting from the displacement
gradient. The remaining compressional deformation is accounted for by
distributed rock mass deformation and expressed through bulging. The
extensional domain shows a downslope increase in displacement mag-
nitudes accommodated by an increased density of tension cracks. The
incipient deformation of the slope (i.e. transitional and compressional
domain) thus resembles a ‘Prandtl mechanism’ which is defined by the
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upper part of the slope actively driving the failure leading compressive
deformation to accumulate in the lower, passive portion of the slope
(Kvapil and Clews, 1979). The boundary between the translational and
compressive domain thus represents the transition between the active
and passive deformation of the slope and is geomorphologically
expressed by counterscarps. Based on these observations, we hypothe-
sise that the failure initiated in the upper part of the slope.

In the active upper portion of the Mt. Peter South landslide, the
steeply dipping joint set, JS1, is favourably oriented for failure and likely
influences the stability of the slope. The dip of displacement vectors in
this part of the slope also coincides with the dip of JS1 (Fig. 6), which
suggests that the rupture plane developed along defects of JS1. That
said, JS1 has a limited persistence (c. 2.0 m) and the geometry of the
landslide at depth (Fig. 5) cannot be geometrically explained by a simple
structurally controlled failure mechanism. Furthermore, the surface
morphology of the landslide also suggests a more complex rupture ge-
ometry. A step-path failure mechanism with the rupture plane propa-
gating along cm-scale discontinuities between more persistent defects
better explains the failure mechanism (Fig. 6). This deviates slightly
from the step-path failure mechanism described in literature (Fig. 1) as,
in the greywacke rock mass, the closely jointed nature of the rock mass
enables rupture plane propagation along small-scale discontinuities
without the breaking of intact rock bridges. This hypothesis is supported
by laboratory tests of fractured core by Brideau et al. (2020), in which
most samples failed along pre-existing discontinuities.

4.2. Okiwi Bay incipient landslide

The Okiwi Bay site is located along the coast north of the township of
Kaikoura (Fig. 2). During the 2016 Kaikoura earthquake, an incipient
landslide caused ground deformation in the greywacke rock mass
(Fig. 7A).

4.2.1. Geomorphology
The Okiwi Bay incipient rock slide is located in the upper part of a
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coastal hillslope with slope angles ranging between 35° and 55° at ele-
vations ranging from 10 m.a.s.l. to 220 m.a.s.l. Coseismic displacement
of the landslide is expressed through tension cracks in the upper portion
of the slope (Fig. 7B). Observations of pre-earthquake geomorphology
(2015 DSM) reveal that scarps along the ridge crest (i.e. above the main
area of coseismic deformation) were present before the 2016 earth-
quake. Tension cracks along these scarps were observed after the
earthquake, but displacement magnitudes were small (<1 m). The toe of
the landslide is located at a concave break in slope around 90 m.a.s.l.
(Fig. 7B). Laterally, coseismic landslide deformation is limited to a
‘knob-like’ topographic feature (Fig. 7B and C) and the areas with
coseismic displacement are characterised by a higher surface roughness
as compared to the rest of the hillslope.

4.2.2. Coseismic landslide displacements

The extent of coseismic displacement identified through differencing
of the pre- and post-earthquake DSMs (i.e. translational and compres-
sional domain) is bound to the upper central part of the slope (Fig. 7B).
Digital Image Correlation (DIC) and topographic sampling of the pre-
and post-earthquake DSM reveal coseismic landslide displacements of
>1 m c. 40 m away from the ridge crest (Fig. 7C). Displacement along
minor tension cracks (< 1 m) closer to the ridge crest could not be
resolved using the applied techniques. We therefore use the term ‘area of
main coseismic deformation’ to describe the spatial extent of displace-
ments >1 m. Displacements increase downslope reaching values of up to
9.8 m (3D) in the central part of the slope and subsequently decrease to
<1 m at about 220 m horizontal distance from the slope crest. This ‘bell-
shaped’ displacement pattern is also apparent in profile view of the
projected landslide displacement vectors (Fig. 7D). The increase of
displacement magnitudes in the upper portion of the slope can be
correlated with mapped ground cracks (<130 m along profile), whereas
no ground cracks were mapped farther downslope where displacement
magnitudes gradually decrease (Fig. 7D).

m

debris
50m

— 10m

Fig. 6. Conceptual model of the joint-step-path failure mechanism at Mt. Peter South and stereoplot of joint measurements taken in the field. Orientations of joint
sets are given as (dip direction/dip), stereonet contours vary from 0 % to 14 %, intervals are 1.4 % as defined by a Fisher distribution (Fisher, 1953).
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Fig. 7. Okiwi Bay incipient landslide on the coast North of Kaikoura (A) and mapped geomorphology (B) based on the post-earthquake 2016 DEM. Coseismic
horizontal displacement vectors were projected on to a longitudinal profile (C) and plotted in (D).

4.2.3. Rock mass structure and properties

Greywacke rock mass is exposed along a vehicle track that crosses
the central portion of the incipient landslide perpendicular to the di-
rection of failure. Local lithology within the Torlesse greywacke is pre-
dominantly massive sandstone with some c. 0.5-1 m thick argillite beds
that make up the most heavily weathered zones in outcrop (bedding
orientation: 244/43). Outcrops are heavily fractured and moderately to
highly weathered. Five main joint sets (JS1-5) with m-scale persistence
were identified based on structural measurements in the field (Supple-
mentary Information: Table S3). Similar to the Mt. Peter South landslide,
small-scale fractures (c. 1-20 cm persistence) are abundant, but highly
variable in orientation. Estimates of GSI in outcrops along the vehicle
track crossing the landslide range from 30 to 50 (Supplementary Infor-
mation, Fig. S3). An overview of the regional geology at the Okiwi Bay
site is provided in the Supplementary Information, Fig. S2.

Seismic velocities in transects across the incipient landslide vary
between 200 m/s and 1000 m/s (S-wave velocity: vg), and 700 m/s and
1600 m/s (P-wave velocity: vp) (Fig. 8). The velocities generally increase
with depth, but a concave-up shaped zone of high velocity gradient in-
dicates a material interface in the S-wave velocity profile (MASW: vg)
with a maximum depth of c. 35 m below ground surface (Fig. 8C). Since
no geological contacts were observed in the landslide mass, this material

interface likely represents a change in fracture intensity, and we inter-
pret this interface as the base of the incipient landslide. The same pattern
is observed in P-wave velocities but is less apparent due to a lack of
penetration of the ray-paths in the central part of the profile that is
caused by the overlap of the two seismic refraction profiles. Laboratory
testing of Torlesse greywacke samples from the Wellington region
(similar rock type as described at Okiwi Bay) by Brideau et al. (2020)
showed S-wave velocities of 800-3300 m/s and P-wave velocities of
1600 m/s - 5500 m/s with variability attributed to weathering and the
number of discontinuities. Comparatively, S-wave velocities measured
in the MASW transect within the landslide at Okiwi Bay are 200-600 m/
s, ¢. 25-93 % lower than measured at core-scale in the laboratory.
Outside the landslide, S-wave velocities in the MASW transect were
400-1000 m/s, c. 0-87 % lower than the measured cores. P-wave ve-
locities within the landslide are <1200 m/s (25 % - 96 % lower) and
outside the landslide are 700-1600 m/s (0-87 % lower than in the
laboratory). The lower velocities within the landslide suggest that the
rock mass is heavily damaged and fractured, in part, due to incipient
sliding.

4.2.4. Conceptual model and interpretation of failure mechanism
The analysis of coseismic landslide displacements, as well as the
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landslide depth.

results of the geophysical surveys, allowed us to delineate the extent of
the Okiwi Bay incipient landslide. Based on displacement results, the
coseismic deformation is limited to a knob-like topographic feature with
increased surface roughness (Fig. 7B). Results of the seismic surveys
indicate a wedge-shaped base with a maximum depth of c. 35 m (Fig. 8).
Based on the location of the head scarp, landslide toe, and the landslide
depth identified from the seismic survey, the shape of landslide base is
well constrained and quasi-planar (Fig. 9).

The displacement pattern with its distinct ‘bell-shaped’ curve cor-
relates well with observed geomorphic deformation features in the slope
(Fig. 7B and D). Tension cracks mark the head scarp of the coseismic
deformation and coincide with displacement magnitude increases in the
upper part of the slope (Fig. 7D). Extensional and translational defor-
mation is thus predominant in that part of the slope. To be consistent
with the terminology used at the Mt. Peter South site, we describe the
deformation domain associated with translation and extension as the
translational domain (Fig. 7B). The decrease of displacement magni-
tudes in the lower part of the slope, on the other hand, is associated with
compressional deformation. The displacement gradient in the
compressional domain is likely accommodated by distributed rock mass
deformation since no discrete geomorphological evidence of compres-
sional deformation has been mapped. However, due to extremely dense
vegetation and limited accessibility, the absence of discrete compres-
sional geomorphological features could not be verified in the field.

Several m-scale joint sets have been identified that could affect the
stability of the site (Fig. 9) but bedding is unlikely to influence slope
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behavior (i.e. sliding influenced by argillite beds is not kinematically
feasible due to bedding being oriented perpendicular to the slope)
(Supplementary Information, Fig. S2). One of the dominant joint sets,
JS3, with a mean persistence of c. 0.9 m is favourably oriented for failure
and likely influences slope stability. However, like the Mt. Peter South
site, based on the orientation of m-scaled joint sets, the estimated shape
of the landslide base cannot be geometrically explained by a simple
structurally controlled failure mechanism. The close spacing and low
persistence of joints, high variability of joint orientations, and abun-
dance of cm-scale discontinuities leads to multiple degrees of kinematic
freedom in the rock mass. As such, we interpret the failure mechanism of
this landslide to also be a joint-step-path failure partially facilitated by
m-scale discontinuities and propagation of the rupture plane along cm-
scale joints (Fig. 9). Based on the spatial variation of displacement
vector dip and magnitudes, along with the surface morphology caused
by the movement of the landslide and the shape of the landslide base, we
suggest that the upper portion of the slope (i.e. translational domain)
was actively driving the deformation of the lower portion of the slope (i.
e. compressional domain). The mechanism of deformation thus re-
sembles the Prandtl mechanism and we hypothesise that the rupture
plane initiated close to the ridge crest and propagated towards the
landslide toe.

Based on pre-earthquake geomorphology that shows relict scarps
above the area of main coseismic deformation, we suggest that the Okiwi
Bay landslide likely initiated prior to the 2016 Kaikoura event.
Furthermore, despite coseismic displacements of c. 3 m at the location of
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Fig. 9. Conceptual model of the joint-step-path failure mechanism at Okiwi Bay and stereoplot of joint measurements taken in the field. Orientations of joint sets are
given as (dip direction/dip), stereonet contours vary from 0 % to 10 %, intervals are 1.0 % as defined by a Fisher distribution (Fisher, 1953).

the seismic transects, very low seismic velocities suggest a high degree of
rock mass fracturing (Fig. 8), which is not readily explained by rock
mass damage from a single earthquake event. Moreover, the high vari-
ability of joint orientations, low mean persistence (c. 0.5-1.1 m) and
close spacing of joint sets reflect the heavily deformed and damaged
nature of the rock mass at Okiwi Bay that is likely developed over
multiple earthquakes (Parker et al., 2015), possibly within the fault
damage zone of the Hope fault (e.g., Bloom et al., 2021).

4.3. Stanton River East landslide

The Stanton River East landslide is located in North Canterbury
(Fig. 2) adjacent to the terraces of the Stanton River, and failed in Greta
Formation Neogene siltstone (Fig. 10A).

4.3.1. Geomorphology

The landslide has a clearly defined head scarp with a c. 60 m wide
zone of intense tension cracking beneath the head scarp (Fig. 10B).
Ground cracking was observed above the main head scarp in the
northern portion of the landslide along a pre-existing arcuate break in
slope. The toe of the landslide is located at the valley bottom near the
riverbed of the Stanton River (Fig. 10A). The southern portion of the
landslide toe is marked by bulging as the landslide displaced formerly
flat-lying modern river terrace material. In the northern portion of the
landslide toe, where the river was actively eroding a steep outcrop of
Neogene siltstone prior to the earthquake, secondary rotational failures
of the displaced landslide material can be observed. The northern lateral
boundary of the landslide is located in an East-West oriented gully,
where landslide debris was observed overriding bedrock within a small
stream (Fig. 10B).

4.3.2. Coseismic landslide displacements
At the Stanton River East landslide, coseismic landslide displace-
ments based on DIC and topographic sampling are coherent in direction
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and magnitude throughout the main body of the landslide with an
average displacement of 16.8 m towards the northwest (Fig. 10C). This
displacement pattern is also apparent in profile view (Fig. 10D) with
most of the displacement accommodated along the main head scarp. In
Profile 1 (Fig. 10D), minor displacement (< 1 m) above the main
landslide scarp were measured and some displacement occurs along
tension cracks at 150-200 m profile distance. In Profile 2 (Fig. 10D),
most of the displacement is accommodated along the main landslide
head scarp with some displacement occurring in tension cracks at c.
220-250 m along profile. High ground disturbance and debris cover
limited measurements of displacement close to the toe of the landslide.

4.3.3. Rock mass structure and properties

The rock mass consists of Greta Formation massive siltstone with
some interbedded sandstone (Rattenbury et al., 2006, and this study),
and has a GSI of 75-80. Bedding is consistent and dips shallowly (16°-
20°) towards the northwest (Supplementary Information, Fig. S2).

4.3.4. Conceptual model and interpretation of failure mechanism

The Stanton River East landslide differs from the two previously
described landslides. The displacement is homogeneous in the main
landslide body indicating coherent displacement. Ground cracks close to
the head scarp indicate extension associated with the translation of the
main landslide body. Due to predominantly translational deformation,
we describe this domain associated with translation and extension along
the head scarp as the translational domain. The debris-covered landslide
toe shows signs of bulging and is thus mapped as a compressional
domain even though, to a lesser extent, secondary slumping can be
observed. The dip and orientation of displacement vectors closely cor-
responds to the orientation of bedding (Fig. 11) and only deviates from
this trend in the area of the head scarp and toe. Based on geo-
morphology, displacement data, and bedrock structure, this landslide
can be classified as a bedding-controlled planar translational rockslide
(Hungr et al., 2013). Based on pre-earthquake geomorphology observed
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in the 2015 orthoimage and DSM, we further interpret that this landslide 5. Discussion
initiated prior to the 2016 Kaikoura earthquake and was reactivated

during the event. 5.1. Synthesis of observed failure mechanisms

Based on the conceptual models presented above (Figs. 6, 9, and 11),
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we identified two failure mechanisms (Fig. 12). The failure mechanism
of the incipient Okiwi Bay landslide and the Mt. Peter South landslide,
both located in greywacke rock mass, were interpreted to be at different
stages of a joint-step-path failure mechanism (Fig. 12A). The planar
sliding mechanism of the Stanton River East landslide along persistent
bedding planes in Neogene siltstone, on the other hand, is markedly
different (Fig. 12B). Consistent with initial interpretations of how slopes
failed during the Kaikoura earthquake (Massey et al., 2018b), the joint-
step path failure mechanism (representative of failures in closely jointed
greywacke rock mass without large-scale persistent discontinuities,
Fig. 12A) and planar translational rockslides (representative of struc-
turally controlled failures in Neogene sedimentary rocks, Fig. 12B) could
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combined represent the failure mechanism for c. 80 % of failures from
the Kaikoura earthquake.

5.1.1. Joint-step-path failure mechanism

The first failure mechanism, Failure Mechanism A (Fig. 12), observed
in greywacke rock mass without persistent discontinuities, can be
divided into three failure stages: incipient sliding, transitional sliding,
and avalanching. In an incipient landslide of this type - as seen at Okiwi
Bay (Fig. 7D) and the southern portion of the Mt. Peter South site
(Fig. 4D, Profile 2) - the displacement pattern along profile resembles a
bell-curve (Fig. 12 Al). The displacement gradually increases below the
head scarp, reaches a maximum in the central slope and subsequently
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decreases gradually towards the toe of the landslide. This displacement
pattern leads to internal deformation of the landslide mass. Tension
cracks and scarps are present in the upper part of the slope at Okiwi Bay
and Mt. Peter South and compressional deformation such as counter-
scarps and bulging were observed in the lower part of the slope at Mt.
Peter South. This suggests that the deformation of the incipient landslide
is actively driven from the top of the slope while the lower portion of the
slope passively resists the deformation (Fig. 12A). Compressive strain
accumulates in the passive zone as long as the rupture plane has not fully
developed (Kvapil and Clews, 1979). Based on the analysis of structural
discontinuity mapping and subsurface information from geophysical
surveys at the sites Okiwi Bay and Mt. Peter South, we interpret that the
rupture plane likely initiates along m-scale discontinuities and propa-
gates downslope, stepping through cm-scale defects between the m-scale
persistent discontinuities. Based on GSI range (c. 40-55), failure in this
type of rock mass is typically controlled by a network of non-persistent
fractures (Brideau et al., 2009), which allows rupture propagation
through multiple degrees of kinematic freedom. This agrees with our
interpretation of a joint-step-path failure mechanism. The volume of
these failures is likely limited by the increasing interlocking of the
heavily jointed rock mass with depth. Propagation of the failure surface
thus occurs along a depth-limited preferential joint-step-path and
daylighting of the failure surface is controlled by topography. As a
result, joint step path failures are relatively shallow and preferentially
occur in the upper part of hillslopes.

In the transitional stage, which commences when the failure surface
is fully developed and daylights at the landslide toe, sliding transitioning
to avalanching can occur in the lower part of the slope as observed in the
northern portion of the Mt. Peter South landslide (Fig. 12 A2). This
means that the compressional deformation domain identified in the
incipient landslide stage transitions to extensional deformation and,
ultimately, translational sliding occurs. At this stage, the characteristic
displacement pattern along profile becomes stepped. Like in the incip-
ient landslide stage, the first increase in displacement magnitude is
located downslope of the head scarp. The displacement magnitudes
remain relatively constant in the translational domain and increase
exponentially into the extensional domain upslope of the debris
avalanche head scarp. At Mt. Peter South, the extensional domain is
characterised by intense tension cracking and ground deformation in-
creases closer to the head scarp of the debris avalanche (Fig. 4D, Profile
1).

In the third and final stage (Fig. 12 A3), avalanching and complete or
partial excavation of the landslide material from the source area may
occur. In this failure stage, the displacement profile is no longer
measurable using the techniques applied here, but tension cracks and
low magnitude displacement may be observed above the head scarp of
the vacated source area. This failure stage is representative of many
greywacke landslides that occurred in the steep slopes of the Seaward
Kaikoura Ranges during the 2016 Kaikoura earthquake (Massey et al.,
2020Db). The described failure stages refer to the evolution of joint-step-
path failures, which, as observed at the Mt. Peter South site, might occur
contemporaneously in different portions of the landslide based on
variability of topographic conditions and rock mass properties.

Globally, it has been found that earthquake-induced landslides in
steep topography tend to cluster at ridge crests (Meunier et al., 2008;
Fan et al., 2019). The topographic prerequisite for joint-step path failure
- which can only occur in the described three failure stages if the land-
slide toe is located above the valley floor - is thus satisfied if topography
is steep and local slope relief high. Joint-step-path failure could, there-
fore, be relevant in any active tectonic setting with steep topography
where a closely jointed rock mass without large scale persistent dis-
continuities may be affected by strong earthquake shaking.

5.1.2. Planar translational rockslide
The second failure mechanism, Failure Mechanism B (Fig. 12) was
observed at the Stanton River East landslide in massive, but weak
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Neogene siltstone and can be classified as a structurally controlled
planar translational rockslide. This failure mechanism is characterised
by coherent displacement of the landslide that follows the dip of one or
more persistent discontinuities (in this case bedding) acting as the basal
sliding zone. We observed this pattern of displacement in the Stanton
River East landslide where a favourably oriented bedding plane readily
explains the occurrence of the landslide and its failure mechanism
(Figs. 10 and 11). Tension cracks are expected to occur close to the head
scarp where the landslide mass detaches from the in-situ bedrock
through failure of intact rock. The toe of the landslide is likely marked by
bulging where the landslide mass overrides pre-existing topography (i.e.
indicating compressional deformation) as we observed at the Stanton
River East landslide (Fig. 10).

5.2. Failure mechanism and landslide initiation processes

Initiation of permanent displacement, by definition, occurs when
stress exceeds strength (Jaeger et al., 2007). However, the physical
processes causing initiation and failure propagation may differ
depending on rock mass properties, slope geometry and triggering
events. Here, we qualitatively discuss possible links between failure
mechanisms and physical initiation processes based on the detailed
characterisation of the two failure mechanisms described above.

In a joint-step-path failure (Fig. 12A), a network of m-scale and cm-
scale discontinuities controls the failure. Initiation of the failure occurs
in the upper portion of the slope primarily on favourably oriented m-
scale discontinuities and the failure plane likely propagates along cm-
scale joints in between the more persistent discontinuities. Initiation
of movement in the upper slope suggests that slope stability may be
particularly sensitive to physical processes that disproportionately in-
fluence the upper slope, mainly topographic amplification of strong
ground motions (e.g. Meunier et al., 2008; Rault et al., 2019). During an
earthquake, slope crests can experience high transient seismic stresses
due to topographic amplification effects (Murphy, 2006). This ground
motion amplification is further related to material impedance contrasts
in the highly fractured, weathered, and heterogeneous greywacke rock
mass (Eberhardt et al., 2004; Gischig et al., 2015). Topographic ampli-
fication of 1.4x free-field PGA can be expected for slopes steeper than
30° and 30 m high with the amplification factor expected to increase to
1.6x if impedance contrasts are present (CEN, 2004).

In contrast, a planar translational rockslide is reliant on persistent
discontinuities acting as zones along which sliding occurs and landslide
initiation is largely controlled by the properties of the materials within
which sliding occurs. Due to concentration of topographic stresses at the
base of the slope, landslides of this type are likely to initiate at the base
of the slope. This can cause the occurrence of a deep-seated basal sliding
plane. Planar translational rockslides therefore tend to be large and
involve entire hillslopes. Initiation could occur through seismic forcing
or static changes affecting the stress state within the slide-surface zone
(s) from e.g., loading/unloading of the slope, pore pressure changes,
fluvial incision/erosion. Previous work on large landslides in Neogene
siltstone in New Zealand has shown that changes in rainfall-induced
pore-water pressure critically influence landslide displacement (Mas-
sey et al., 2013; Massey et al., 2016). Furthermore, many of the land-
slides in Neogene siltstone that moved during the 2016 Kaikoura
earthquake were re-activated pre-existing failures (Massey et al.,
2018b). While a combination of rainfall events, pore pressure changes,
fluvial incision, and strong ground motion clearly play an important role
in the evolution of these landslides, further research is necessary to draw
more significant conclusions about the factors that trigger initial
movement.

The two distinct failure mechanisms were demonstrably controlled
by two fundamentally different lithologies. Cretaceous greywacke rock
slopes are heavily fractured due to intense tectonic deformation whereas
the younger Neogene siltstones are less deformed and bedding is typi-
cally consistent on >10°-10% m scales (Rattenbury et al., 2006). These
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differences in degrees of rock mass damage between the two lithologies
result in the characteristic structure of the rock mass that controls rock
slope failure mechanism, and, in turn, is intrinsically linked to initiation
processes. The lithologic and structural control on failure mechanisms
thus also has implications on volumes and hillslope positions of coseis-
mic landslides, as has been found previously by Rault et al. (2019).

5.3. Implications for coseismic landslide susceptibility modelling

Our results have several key implications for coseismic landslide
susceptibility models. First, the displacement analysis presented here
demonstrates some challenges facing physics-based landslide suscepti-
bility models based on Newmark sliding block analysis or other similar
analyses. In these models, Newmark displacements are calculated based
on material strength, topography and ground motion characteristics and
the prediction of landslide occurrence is based on a displacement
threshold. Jibson (2011) points out that the critical displacement
threshold needs to be selected for each study according to material
characteristics and the relevant definition of failure. In the literature,
displacement thresholds for landslide occurrence are typically set
regarding the critical displacement leading to macroscopic ground
cracking and range between 5 cm and 15 cm (Wieczorek et al., 1985;
Jibson, 1993; Abramson, 2002; Jibson, 2011; Dreyfus et al., 2013; Grant
et al., 2016). This threshold is relevant for structures built on slopes that
might be affected by deformation in landslide source areas. In the
broader context of regional hazard and risk assessment, however, a
larger threshold indicating the transition between incipient landslides
and avalanches might arguably become more relevant. In this study, we
found average 3D displacements at the incipient portion of the Mt. Peter
South landslide and the incipient Okiwi Bay landslide of 6.4 m and 3.0
m, respectively. At Mt. Peter South, avalanching failure and rock mass
disintegration occurred at displacement magnitudes of >11.6 m. In
contrast, the Stanton River East landslide experienced coherent block
movement with an average displacement of 16.8 m. These results
highlight that the amount of displacement that can be accommodated
before a transition from intact sliding to disaggregated avalanching
occurs depends on the characteristics of the landslide material and
topographic constraints. In highly jointed greywacke, relatively little
displacement leads the rock mass to disintegrate whereas, in the weak
but massive siltstone, fracture propagation through intact rock and rock
mass deformation is needed before avalanching can occur.

Moreover, the amount of rock mass deformation associated with
displacement magnitudes may vary between different sites and
displacement magnitudes may not be the best metric to use as a
threshold indicating a transition between failure stages. Instead, a
strain-dependent threshold may be more appropriate. Based on failure
mechanism, displacement can be accommodated through different
modes of deformation. In greywacke rock mass, joint-step-path failure
causes displacement to be accommodated along a basal rupture zone in
the translational domain, whereas displacement in the compressional
and extensional domain is accommodated through distributed rock mass
deformation (Fig. 12A). In these failures, a measure of compressional
strain, indicative of passive deformation needed for the rock mass to
disintegrate, could therefore be a useful threshold metric. In contrast,
translation of a coherent landslide body is dominant in Neogene silt-
stone, resulting in localisation of shear strain along a basal sliding zone
controlled by bedding planes (i.e. shear strain is a function of landslide
displacement and basal sliding zone thickness) (Fig. 12B). The evolution
of these translational rock slides into avalanches is, therefore, expected
to be mainly controlled by topographic constraints and the same
threshold metric may not be meaningful. Consequently, the definition of
a threshold indicating the transition between incipient landslides and
avalanches needs to consider strain accumulation specific to individual
failure mechanism. Such a threshold could serve as a valuable tool in the
context of physics-based regional landslide hazard analysis.

Our results also highlight that site-specific studies remain an
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important tool to inform regional-scale coseismic landslide susceptibil-
ity models. Based on the conceptual models of landslides triggered by
the 2016 Kaikoura earthquake, we infer that the orientations of m-scale
discontinuities, slope angle, rock mass strength, and, potentially,
amplification effects due to seismic shaking are relevant factors con-
trolling slope stability in the greywacke rock mass without persistent
discontinuities (Failure mechanism A, Fig. 12). On the other hand,
bedding orientations relative to slope, strength of bedding planes, pore
pressure along the basal sliding plane, and fluvial incision causing the
daylighting (or near-daylighting) of bedding planes are key factors
determining landslide susceptibility in planar rockslides in Neogene
siltstone (Failure mechanism B, Fig. 12). This interpretation agrees with
Williams et al. (2021), who found that slope-bedding alignment and
fluvial incision are key susceptibility factors for landslide occurrence in
weak sandstone and mudstone units where bedding provides preferen-
tial failure surfaces.

Domains of different failure mechanisms should therefore be
considered when selecting landslide susceptibility factors. Geology is
often used as a variable in statistics-based models (Reichenbach et al.,
2018) and because failure mechanisms are largely controlled by rock
mass characteristics, the parameter provides a good first-order distinc-
tion of failure mechanism domains. Statistics-based susceptibility
models could be improved, however, by tailoring all susceptibility var-
iables to specific failure domains. For this to be possible, systematic
documentation of failure mechanism is required in earthquake-induced
landslide inventories and we recommend that failure mechanism be
routinely recorded as an attribute in future studies.

In the absence of field data, remote mapping as well as analysis of
displacement patterns, as presented here, may aid in defining failure
mechanisms. Profiles of the failures in highly jointed Torlesse greywacke
show bell-shaped displacement in the incipient landslide stage, followed
by stepped profiles in the transitional stage that eventually become
unresolvable when the failure transitions into an avalanche (Fig. 12A).
On the other hand, the Neogene siltstone rockslide shows a consistent
and homogeneous displacement pattern of the majority of the landslide
body (Fig. 12B).

6. Conclusions

Based on detailed site characterisation including displacement
analysis, field and remote mapping, and geophysical surveys, we
developed conceptual models for three landslides triggered by the 2016
Kaikoura earthquake. Analysis of two incipient landslides in Torlesse
greywacke illustrate the failure stages of a rock mass comprising mul-
tiple sets of closely-spaced and low-persistent discontinuities while a
landslide in Neogene siltstone exemplifies the role of high persistence
bedding planes generating large planar translational rockslides. Based
on our observations, we propose that the rupture plane of the two
greywacke failures initiated close to the ridgetop where dynamic
stresses from topographic amplification are generally strongest. In
contrast, the landslide in Neogene siltstone initiated by sliding along a
weak, high persistence, bedding plane. In this case, bedding-slope
alignment plays an important role in landslide susceptibility.

Our results demonstrate that landslide susceptibility and failure
mechanism vary significantly based on geology type and highlight the
need to distinguish failure mechanism domains for regional landslide
susceptibility models. The characteristic spatial displacement patterns
we observe in the different failure mechanisms may be helpful for
remotely identifying the relevant failure mechanisms for these regional
models. Finally, as demonstrated by our analysis, the amount of
displacement that can be accommodated before a failure transitions
from sliding to avalanching, is highly dependent on material charac-
teristics and topographic constraints.
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