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Abstract The 14 November 2016Mw 7.8 Kaikoura earthquake generated more than
10,000 landslides over a total area of about 10;000 km2, with the majority concentrated
in a smaller area of about 3600 km2. The largest landslide triggered by the earthquake
had an approximate volume of 20��2� Mm3, with a runout distance of about 2.7 km,
forming a dam on the Hapuku River. In this article, we present version 1.0 of the land-
slide inventory we have created for this event. We use the inventory presented in this
article to identify and discuss some of the controls on the spatial distribution of land-
slides triggered by the Kaikoura earthquake. Our main findings are (1) the number
of medium to large landslides (source area ≥ 10;000 m2) triggered by the Kaikoura
earthquake is smaller than for similar-sized landslides triggered by similar magnitude
earthquakes in New Zealand; (2) seven of the largest eight landslides (from 5 to
20 Mm3) occurred on faults that ruptured to the surface during the earthquake;
(3) the average landslide density within 200 m of a mapped surface fault rupture is
three times that at a distance of 2500 m or more from a mapped surface fault rupture;
(4) the “distance to fault” predictor variable, when used as a proxy for ground-motion
intensity, and when combined with slope angle, geology, and elevation variables, has
more power in predicting landslide probability than the modeled peak ground acceler-
ation or peak ground velocity; and (5) for the same slope angles, the coastal slopes have
landslide point densities that are an order of magnitude greater than those in similar
materials on the inland slopes, but their source areas are significantly smaller.

Introduction

The 14 November 2016Mw 7.8 Kaikoura earthquake in
New Zealand occurred at 12:03 a.m. local time (Kaiser et al.,
2017). The epicenter was located about 4 km from the rural
town of Waiau (population 250) in north Canterbury (Fig. 1),
with rupture initiation at a shallow depth of 14.1 km (Nicol
et al., 2018). Large shallow earthquakes in mountain chains
typically trigger substantial numbers of landslides (Hovius
et al., 1997; Parker et al., 2011; Hancox et al., 2014,
2016; Xu et al., 2016). The Kaikoura earthquake (Dellow
et al., 2017) triggered more than 10,000 landslides over
an area of about 10;000 km2, with the majority being fo-
cused in an area of about 3600 km2 (Fig. 1). Fortunately,
the area affected by landslides is comparatively remote
and sparsely populated such that only a few dwellings were
impacted by landslides, and there were no recorded land-
slide-related fatalities (Stevenson, 2017). However, the land-
slides dammed rivers, blocked roads and railways, and
disrupted agricultural land throughout this region. Land-
slides along the coast caused substantial damage to both

State Highway (SH) 1 and the northern section of the South
Island Main Trunk Railway, blocking both in multiple loca-
tions (Davies, 2017). At the time of writing, the section of
SH1 north of Kaikoura is due to reopen on 15 December
2017, over a year after the earthquake.

The long-term stability of damaged but as yet unfailed
slopes is a cause for concern in light of the risk of future
strong earthquakes and significant precipitation events. This
has been exemplified by debris flows and floods that
occurred during rain associated with cyclones Debbie (23
March to 7 April 2017) and Cook (14 April 2017), which
caused several of the dams to breach, releasing debris flows
and floods that traveled several kilometers downstream.
Debris flows were also triggered on the steep coastal cliffs
north and south of Kaikoura, leading to the intermittent
closures of the reopened portion of SH1 south of Kaikoura.

Both the number of landslides and the area affected are
much less than expected, based on worldwide observations,
for an earthquake of this magnitude (Keefer, 2002; Malamud
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et al., 2004). To investigate the reason for this, we analyze an
inventory we are creating for landslides triggered by this
earthquake; our analysis relates the spatial distribution and
size characteristics of the triggered landslides to geology,

topography, strong shaking, and other geologic factors.
The objective of this article is to describe these characteris-
tics of the triggered landslides and quantify their relationship
to the various causative factors.

-
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Figure 1. (Inset) The area of New Zealand affected by coseismic landslides triggered by the 2016Mw 7.8 Kaikoura earthquake. (a) The
mapped 10,195 coseismic landslide source areas and their size (area) triggered by the earthquake, superimposed on the 8 by 8 m digital
elevation model (DEM) for New Zealand, classified by elevation in meters above sea level. (b) The landslide source area distribution overlain
on the main geological units. (c) Landslide source area distribution shown on the 8 m ground resolution DEM for New Zealand.
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A broad-based investigation of the triggered landslides
began immediately following the earthquake. Dellow et al.
(2017) provide a preliminary description of the landslides trig-
gered by this earthquake and the immediate response to docu-
ment them and evaluate related hazards. Jibson et al. (2017)
give an overview of landslide types and distribution accom-
panied by illustrations of the triggered landslides. In this ar-
ticle, we present version 1.0 of the landslide inventory we
created for this event, which builds on the earlier preliminary

inventories presented by Rathje et al.
(2017) and Dellow et al. (2017). Refer to
Data and Resources for instructions about
how to access this data set. We present
these findings as a preliminary account
of the potential controls we have observed
on the landslide distribution triggered by
this event. It is version 1.0, because map-
ping is ongoing in those areas where the
landslide distribution was initially mapped
from satellite images. The high-resolution
orthorectified aerial photographs that have
been used to map much of the distribution
were not available in these areas at the time
of publication.

Detailed Landslide Inventory from
Mapping

Previous studies of worldwide earth-
quakes have related earthquake magnitude
to the number of landslides. For anMw 7.8
earthquake, the relationship of Malamud
et al. (2004) predicts about 25,000 land-
slides and the relation of Keefer (2002)
predicts about 60,000 landslides. Both rela-
tions are based solely on magnitude and do
not consider other factors such as earth-
quake depth, distance to fault, topography,
rock type, climate, and vegetation that con-
tribute to landslide occurrence. These esti-
mates based on worldwide earthquakes are
two to six times higher than the approxi-
mate 10,000 landslides mapped thus far
from the Kaikoura earthquake.

The version 1.0 landslide inventory
contains 10,195 coseismic landslides
(Figs. 1 and 2). These landslides are
inferred to have been triggered by the Kai-
koura earthquake and associated after-
shocks because no major rain events
occurred in the period between the earth-
quake and the first low-level aerial photo-
graph survey after the earthquake, dated
December 2016, used to map the distri-
bution.

To map the distribution, we primarily
used postearthquake 0.3 m ground resolution orthorectified
air photographs, and digital surface models derived from
them, alongside digital elevation models (DEMs) from post-
earthquake airborne light detection and ranging (lidar)
surveys, and other pre- and post-Kaikoura earthquake
imagery and lidar data (these data sets are described in
Table A1). Landslides were manually digitized directly into
a Geographic Information Systems. This was done because
the outputs from the automated landslide detection tools we

(a)

(b)

Figure 2. (a) The number of landslides (frequency) with source areas within each
source-area bin. Landslide source-area bin widths are equal in logarithmic space for all
data sets. (b) Landslide probability density plotted against landslide area (for the land-
slide source areas only), for landslides generated by the Kaikoura earthquake, the 1968
Mw 7.1 Inangahua, New Zealand, earthquake (Hancox et al., 2014) and the 1929Mw 7.8
Murchison, New Zealand, earthquake (Hancox et al., 2016). For (b), the power-law fit-
ting statistics are (1) the 2016 Mw 7.8 Kaikoura earthquake, in which NLT � 10;195,
xmin � 500 m2, and α � 1:88; (2) the 1929 Mw 7.8 Murchison earthquake (Hancox
et al., 2016), in which NLT � 6104, xmin � 10;000 m2, and α � 2:62; and (3) the
1968 Mw 7.1 Inangahua earthquake (Hancox et al., 2014), in which NLT � 1199,
xmin � 10;000 m2, and α � 2:71.
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ran generally performed poorly. They (1) wrongly identified
areas of high albedo (in the images) as landslide sources, for
example, identified bare farmland; (2) created multiple land-
slide source regions for individual landslide sources and vice
versa where large sources were in fact multiple individual
landslides; and (3) required significant time to manually edit.
Several authors have shown how landslide mapping can in-
fluence an inventory and therefore the results of any analyses
of it. For example, Parker et al. (2011) report more than
56,000 landslides for the 2008 Mw 7.9 Wenchuan, China,
earthquake, but Xu et al. (2014, 2016) report 196,007
mapped landslides and Li et al. (2014) report 57,150 land-
slides. Li et al. (2014) attribute their increase in numbers
over Parker et al. (2011) to their separating individual land-
slides from amalgamated clusters. This change increased the
number of mapped landslides but decreased the total volume
reported; for example, see Li et al. (2014). Because of such
issues, we did not use the results of any of the automated
landslide-detection algorithms. Low-level orthorectified aer-
ial photographs taken in 2015, before the earthquake, were
used to identify the many pre-earthquake landslides in the
region, to ensure that such landslides were not attributed
to the earthquake. We also relied on the geotagged oblique
air photos taken from multiple postearthquake helicopter re-
connaissance missions to support and verify mapping in
areas of complex terrain. The landslide mapping was carried
out by experienced landslide researchers using the scheme
outlined by Dellow et al. (2017). Where possible, we sepa-
rated the landslide source area from the debris trail to allow
more accurate estimates of landslide size. This was done us-
ing a combination of aerial images, pre- and postearthquake
ground surface difference models derived from lidar and
photogrammetry, and shade models generated from them,
which helped define landslide morphology. We used the
scheme of Hungr et al. (2014) to classify the landslides
by their mechanism and dominant material type. To date,
the smallest mapped landslide source area is about 5 m2

and the largest is about 550;000 m2. Refinement of the in-
ventory, in particular at the lower end of the size range, is
ongoing. The number of mapped landslides (frequency) with
source areas of a given size has been binned using source
area bin widths that are equal in logarithmic space (Fig. 2a).
As expected, the areas of the landslide sources generated by
this event exhibit characteristic power-law scaling (Fig. 2b;
e.g., Hovius et al., 1997; Guzzetti et al., 2002; Malamud
et al., 2004; Parker et al., 2015), defined by

EQ-TARGET;temp:intralink-;df1;55;181p�AL� �
1

NLT
×
δNL

δAL
; �1�

in which p�AL� is the probability density of a given area
within a near-complete inventory—defined as the frequency
density of landslides of a given source area bin (AL), divided
by the total number of landslides in the inventory—NLT is the
total number of landslides in the inventory, and δNL is the

number of landslides with areas between AL and AL � δAL.
For the landslide area bins, we adopted bin widths (δAL) that
increased with increasing landslide source area (AL), so that
bin widths were equal in logarithmic space. The position of
the characteristic rollover (Fig. 2b) for smaller landslides
occurs at a landslide source area of about 50–100 m2. The
frequency–area distributions of most landslide inventories
exhibit a rollover at smaller landslide sizes for various reasons,
one of which is mapping resolution (Stark and Hovius, 2001).

The power-law scaling exponent (α) of 1.88, fitted to the
Kaikoura landslide distribution using the method of Clauset
et al. (2009), with xmin � 500 m2, falls within the range of
previously observed values of landslide inventories (1.4–3.4),
but it is below the central tendency of 2.3–2.5 (Van Den Eeck-
haut et al., 2007; Stark and Guzzetti, 2009). Figure 2 shows
the landslide frequency and probability density versus area
distributions for comparable inventories of landslides trig-
gered by other notable earthquakes in New Zealand. These
are (1) the 1929Mw 7.8 Murchison earthquake (Hancox et al.,
2016), in which NLT � 6104, xmin � 10;000 m2, and
α � 2:62; and (2) the 1968 Mw 7.1 Inangahua earthquake
(Hancox et al., 2014), in which NLT � 1199, xmin �
10;000 m2, and α � 2:71.

Our results suggest that the number of large landslides
> 10;000 m2 generated by this earthquake are less than
those generated by the similar magnitude 1929 Mw 7.8
Murchison earthquake in New Zealand but are instead more
comparable with those triggered by the smaller magnitude
1968 Mw 7.1 Inangahua, New Zealand, earthquake
(Fig. 2a). Nevertheless, the lower α-value suggests that a
higher number of larger landslides were triggered than
would typically be expected given the number of smaller
landslides. Such comparisons, however, do not consider
differences in the physiographic setting, which could affect
the numbers of landslides generated. Although a more de-
tailed comparison of the landslides from these different
earthquakes is warranted, it is currently outside the scope
of this article.

The Geology and Topography of the Study Area

The region in which most of the landslides occurred can
be subdivided into four main geological units (Fig. 1b and
Table 1). These are described by Rattenbury et al. (2006),
and their descriptions are summarized here in order of oldest
to youngest: (1) Lower Cretaceous Torlesse (Pahau terrane)
“basement” rocks formed primarily of graywacke; (2) Upper
Cretaceous and Paleogene limestones, siltstones, conglomer-
ates, and minor volcanic rocks; (3) Neogene limestones,
sandstones, and siltstones; and (4) Quaternary sands, silts,
and gravels. These materials and their properties tend to con-
trol the types of landslides that occurred within them. For
example, the graywacke is highly jointed, and most land-
slides appear to be debris avalanches, controlled by multiple
intersecting joint blocks, which limit the volume of such
failures. Conversely, the Upper Cretaceous and Neogene
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sandstones and siltstone tend to be massive with highly per-
sistent bedding planes and clay seams, which allow the de-
velopment of large translational debris slides and slumps.
These relationships are explained further in Table 1.

The earthquake mainly affected the northeastern portion
of New Zealand’s South Island. This area is dominated by the
Kaikoura Ranges, which rise from sea level to a maximum
elevation of 2885 m above mean sea level (amsl) at Mount
Tapuae-o-Uenuku. The Kaikoura Ranges are predominantly
formed of graywacke and are dissected by several large
rivers. The long straight Clarence River valley separates the
Seaward Kaikoura Ranges from the longer and steeper Inland
Kaikoura Ranges, including Mount Tapuae-o-Uenuku.
Beyond the Inland Kaikoura Range is the valley of the
Awatere River, which runs parallel to that of the Clarence
River. As these rivers approach the coast, the slopes reduce
in gradient, where they are predominantly formed of faulted
slivers of Neogene rocks and Quaternary gravel, sand, and silt.
The township of Kaikoura is the largest town in the area and is
located on a rocky peninsula formed of Cretaceous to
Neogene sedimentary rocks and Quaternary marine terraces,

about 70 km northeast of the earthquake epicenter (Fig. 1).
The topography south and west of Kaikoura is relatively
gentle compared with the Inland and Seaward Kaikoura
Ranges. The slopes have mainly been formed by tectonically
driven uplift and fluvial incision through the Neogene sand-
stones and siltstones, which form the main bedrock unit in the
area. The climate across much of the area is temperate and it
typically experiences dry cold winters.

Controls on the Spatial Distribution of Landslides

The landslide distribution does not represent a homog-
enous mass of landslides clustered around the earthquake
epicenter. Instead, the mapped distribution shows a long
generally linear pattern, with many landslides occurring
on either side of the faults that ruptured to the ground surface
(Fig. 1), northeast of the earthquake epicenter. Many smaller
landslides concentrate along the coast and in discrete clusters
on either side of the faults that ruptured. Many of the larger
landslides occurred on faults with surface ruptures that
passed through their source areas (Fig. 3). Interestingly,
the larger landslides, while also occurring in clusters along

Table 1
Lithology and Landslide Types Adopted in this Article

Lithology

Proportion of
Main Area
Affected (%)

Landslide Point/Area
Density

(N=km2)/(%)* Dominant Landslide Types

Quaternary sands, silts, and
gravels. These typically form
river terrace deposits in the
region

19 1.8/0.3 Debris avalanches and flows that tend to be relatively small, and their
source areas are mainly located in the terrace sands and gravels on top
of the steeper coastal slopes. Many other landslides occurred within
the shallow regolith, which covers many slopes in the area that were
affected by strong ground shaking. These include shallow
translational slides in soil with displacements of a few centimeters to
several meters

Neogene limestones, sandstones,
and siltstones. These are
typically massive, but weak
rocks with unconfined
compressive strengths (UCS) of
typically < 2 MPa (Read and
Miller, 1990)

9 5.5/0.9 Relatively shallow debris avalanches and flows that source from the
more weathered rocks, or relatively deep-seated slides and slumps,
where movement is thought to occur either along bedding or other
persistent structural discontinuities, for example, fault planes, thin
clay seams, or through the rock mass. Substantial numbers of pre-
Kaikoura earthquake, large landslides were mapped in these materials
of which many reactivated (a few centimeters to meters) during the
earthquake, forming translational and rotational slides/slumps

Upper Cretaceous to Paleogene
rocks including limestones,
sandstones, siltstones, and
minor volcanic rocks. These are
typically massive, but weak
rocks with UCS of typically
< 2 MPa

12 4.6/0.5 Rockfalls and debris avalanches in areas of steeper terrain, with some
slides and slumps (termed coherent after Keefer, 2013) in areas of less
steep topography, and their location might be controlled by the
presence of thin clay seams or small-scale changes in lithology.
Several relict landslides are present in these materials, and there were
numerous small rockfalls and debris avalanches from their oversteep
head scarps

Lower Cretaceous Torlesse (Pahau
terrane) basement rocks
predominantly sandstones and
argillite (graywacke). These are
relatively strong rocks with
UCS 10–20 MPa, but they are
closely jointed

60 2.5/0.6 Rockfalls (of individual boulders) to debris and rock avalanches. Given
the highly discontinuous nature of the rock mass, most landslides are
controlled by multiple intersecting joint blocks, hence a potential
limitation on the volume of such failures. However, the Kaikoura
earthquake triggered several very large and structurally controlled
rock avalanches, the Hapuku landslide being the largest mapped
landslide

*Landslide point densities were calculated by dividing the number of landslide sources within a given geological unit by the area of ground within that given
unit, within the main area affected by landslides (Fig. 1b). Landslide area densities were calculated by dividing the total area of all landslide sources within a
given geological unit by the area of ground within that unit, within the main area affected by landslides.
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the faults, do not appear to occur at the same locations as the
clusters of smaller landslides. A comparison of the mapped
distribution with the bedrock geology shows that landslide
occurrence is a function of lithological variations across
the area, and field observations suggest that such variations
control the nature and type of landslides triggered by the
earthquake (Fig. 1b and Table 1). For example, the landslide
point density in the massive but weaker Neogene sandstones
and siltstones is 5.5 landslides km−2, compared with 2.5
landslides km−2 in the stronger but closely jointed gray-
wacke (Table 1).

The dynamic response of a slope during an earthquake
is not controlled solely by lithology but comprises a com-
plex interaction between seismic waves and the hillslope
(e.g., Ashford et al., 1997; Sepúlveda et al., 2005; Massey
et al., 2016; Rai et al., 2016). We used our mapped
landslide distribution to explore the relationships between
the occurrence of a landslide and the variables that may
control its occurrence (Table 2), which we have broadly
grouped into: (1) predominantly landslide forcing variables
representing the intensity of the event-specific seismic
ground motions and their proxies, for the Kaikoura earth-

Figure 3. (a) Hapuku rock avalanche in Lower Cretaceous basement rocks—this is the largest of the mapped landslides with an estimated
volume of about 20��2� Mm3. In this case, the slide surface appears to correspond to multiple persistent discontinuities such as old and
recent fault planes. Several faults that ruptured to the surface pass through the source area of the landslide. The debris left the source and
blocked the Hapuku River creating a dam about 100 m high. Multiple lobes of debris of different clast size can be mapped in the deposit,
indicating multiple pulses of debris deposition. The dam subsequently overtopped and the downstream face was partially eroded (due to
headward erosion initiated by seepage through the dam) following Cyclone Cook in April 2017. The debris left in the source is still unstable
and several debris flows have occurred, which have eroded the debris down to bedrock in places. The debris forming the dam continues to
erode as water from the impounded lake flows over the crest and down the outflow channel. (b) Seafront rock slide/slump in Paleogene
limestone—this is the largest mapped landslide in these materials with an approximate volume of 10��2� Mm3. This slide surface is as-
sumed to be deep seated (> 100 m below the surface), with the field observations and cross sections suggesting a semirotational failure
through the rock mass. Much of the debris has remained intact, and so the slide/slump would be classified as coherent (Keefer, 2013). The
displaced mass is still creeping and several debris flows have occurred off the toe of the intact displaced debris and also the head scarp. The
Papatea fault (Hamling et al., 2017) ruptured through the source area, suggesting that surface rupture of this fault caused the landslide to
initiate. The vertical displacement of this fault measured ∼0:5 km away from the landslide is about 6 m. We are not sure whether the landslide
initiated either from permanent coseismic displacement of the ground or dynamic displacement caused by shaking, or some combination of
both. (c) Leader River rock slide/slump in Neogene mudstone—the largest mapped landslide in these materials is the Leader River landslide
with an approximate volume of 6��1� Mm3. This rock slide/slump is predominantly within Neogene mudstone (including sandstone and
siltstone), and the slide surface is assumed to be deep seated (about 80 m below the surface) with the displacement vectors suggesting a
translational failure (with some rotation at the head scarp), possibly along bedding, which is inclined at about 20°–25° out of the slope
(measured near the toe of the debris) and has the same dip direction as the vectors of landslide displacement. A faulted contact between
the Lower Cretaceous graywacke and Neogene mudstone is also present in the landslide head scarp. Although there is no field evidence to
suggest this contact ruptured, it is possible that a fault also ruptured through the source area of this landslide (Nicol et al., 2018), but more
investigation is needed to determine whether this is the case or not. (All photos by D. Townsend.)
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Table 2
Predictor Variables Evaluated in the Logistic Regression Model, Their ID Codes, Descriptions, and Units

Variable Type Variable ID Description Units

Susceptibility Geology 1 Quaternary sands, silts, and gravels. These materials typically form terrace deposits on the top of the
steep coastal cliffs as well as inland slopes adjacent to the main rivers of the area. Many of these
terraces have been incised by rivers

N/A

Geology 2 Neogene limestones, sandstones, and siltstones, which are typically weak. They occur along
sections of the coast north of Kaikoura

N/A

Geology 3 Upper Cretaceous to Paleogene rocks including limestones, sandstones, siltstones, and minor
volcanic rocks. These are typically weak (such as the Neogene limestones and sandstones) and
easily erodible, and they can contain thin clay seams, which are volcanic in origin. They are
typically exposed in narrow strips overlying the graywacke basement rocks

N/A

Geology 4 Lower Cretaceous Torlesse (Pahau terrane) basement rocks are predominantly sandstones and
argillite, also known as graywacke. The graywacke rocks are typically moderately well bedded
and tend to be closely jointed. They form many of the coastal slopes as well as the steeper inland
Kaikoura mountain ranges

N/A

SlopeMEAN Local hillslope gradient taken from the 8-m resolution digital elevation model (DEM) generated by
GNS Science, adopting the mean value of all of the 8 m by 8 m cells that fall within each cell of
the sample 32 m by 32 m grid. This variable is a proxy for the static shear stresses in the slope

Degree (°)

ElevMEAN Local hillslope elevation taken from the 8-m resolution DEM generated by GNS Science, adopting
the mean value of all of the 8 m by 8 m cells that fall within each cell of the sample 32 m by 32 m
grid. This variable represents the observation that topography can limit the size of the landslides.
For example, slopes that are higher in elevation tend to have larger surface areas and can therefore
generate larger landslides than slopes at lower elevations, which tend to have smaller surface
areas

m amsl

CurvPROFILE Profile curvature generated using ArcGIS, taken from the curvature of the surface on a cell-by-cell
basis, as fitted through that cell and its eight surrounding neighbors, using the 8-m resolution
DEM generated by GNS Science. A negative value indicates the surface is upwardly convex at
that cell. A positive profile indicates the surface is upwardly concave at that cell. A value of 0
indicates the surface is flat. This variable is a proxy for slope sharpness that represents
topographic amplification effects, because amplification of shaking has been recorded at sharp
breaks in slope (e.g., Massey et al., 2016; Janku, 2017)

1/100 of a z
unit

AspMEAN The aspect for each sample grid cell was calculated using ArcGIS using the 8-m resolution DEM
generated by GNS Science, adopting the mean of all of the 8 m by 8 m cells that fall within each
cell of the 32 m by 32 m sample grid

Degree (°)

Earthquake
forcing

FaultDist The distance from the centroid of each of the 32 m by 32 m sample grid cells to the nearest fault that
ruptured using the mapped surface expression, taken from the GNS Science Active Faults
database (Langridge et al., 2016), which includes those faults that ruptured during the Kaikoura
earthquake

Meters

PGASM Grid of the mean peak ground acceleration (PGA) derived from ShakeMap NZ (GeoNet 2016, see
Data and Resources), developed by the U.S. Geological Survey (Wald et al., 1999; Worden et al.,
2012), and calibrated for New Zealand by Horspool et al. (2015). Grid resolution is 1000 m by
1000 m. The PGA values were attributed to the sample grid cell, by taking the peak ground
velocity (PGV) value at its centroid

g

PGVSM Grid of the mean PGV derived from ShakeMap NZ. Grid resolution is 1000 m by 1000 m. The PGV
values were attributed to the sample grid cell, by taking the PGV value at its centroid

m/s

PGVLF Low-frequency (long-period) PGV calculated from waveforms up to 0.33 Hz, using the method
described by Holden et al. (2017). Grid resolution is 500 m by 500 m. The PGV values were
attributed to the sample grid cell, by taking the PGV value at its centroid

m/s

PGVBRADLEY Grid of PGV derived from the modeling carried out by Bradley et al. (2017). Grid resolution is
990 m by 990 m. The PGV values were attributed to the sample grid cell, by taking the PGV
value at its centroid

m/s

PGVMEAN Mean PGV calculated for each of the sample grid cells by sampling the PGV value from each of the
three PGV models model at the centroid of each sample grid, and taking the mean of the three
values

m/s

DispV The vertical permanent tectonic displacement caused by the earthquake was taken from the 100 m
by 100 m resolution 3D displacement field derived from satellite radar and Global Positioning
System (GPS) data (Hamling et al., 2017). This variable is a proxy for ground-shaking intensity
because areas of increasing permanent tectonic displacement should correlate with increased
dynamic ground shaking and inertial loading on the soil and rock masses forming the slopes,
leading to an increase in landsliding

Meters

(continued)
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quake; and (2) predominantly landslide susceptibility
variables that capture the strength of the hillslope materials
at a regional scale and the static shear stresses at the
slope scale.

We used logistic regression (e.g., Von Ruette et al.,
2011; Parker et al., 2015) to investigate the influence that
the variables listed in Table 2 have on the spatial distribution
of coseismic landslides attributed to the Kaikoura earth-
quake. The method models the influence of multiple predic-
tor variables on a categorical response variable Y (with
possible values 0 or 1) using
EQ-TARGET;temp:intralink-;df2;55;426

PLS�Y � 1�

� 1

1� exp�−�b0 � b1x1 � b2x2 � b3x3 � � � � � bnxn��
;

�2�
in which logistic regression is used to estimate the coefficients
�b; bn;…� for predicting the probability (PLS) that Y � 1,
given the values of one or more predictor variables
(x; xn;…). The condition Y � 1 corresponds to the occurrence
of a landslide within a sample grid cell. The regression coeffi-
cients are estimated using a maximum-likelihood criterion.

To undertake logistic regression, we defined a sample
grid at 32 m resolution, based on an 8-m ground resolution
DEM, resampled from the 2012 version of the Land Infor-
mation New Zealand digital elevation model for New
Zealand. The 32 m grid mesh is much less than the typical
hillslope lengths in the region, which can vary from 100 to
≫ 1000 m. For this assessment, we used only landslide
source areas and not the debris trails. Landslides with areas
less than 50 m2 were removed from our data set to eliminate
sample bias, because landslides smaller than this have not
been systematically mapped and may be underrepresented
in the inventory. Thus, we assumed that Y � 1 for any given
sample grid cell in which its centroid falls within a landslide
source area, even if the grid cell is not fully occupied by a
landslide source.

The predictor variables used in this assessment were
chosen based on variables previously found to influence
landslide occurrence (listed in Table 2 and shown in

Table 2 (Continued)
Variable Type Variable ID Description Units

DispH The horizontal permanent tectonic displacement was calculated for each sample grid cell as the
vector of the maximum x and y displacement fields taken from Hamling et al. (2017), 100 m by
100 m resolution 3D displacement field. As DispV, this variable is a proxy for ground-shaking
intensity

Meters

LSR Local slope relief (LSR) calculated using focal statistics in ArcGIS. It represents the local height
(and angle) of the sample grid cell. It is calculated as the difference in elevation between the
lowest in elevation 8 m by 8 m grid cell, within an 80 m (ten (10) 8 m cells) radius from the
centroid of the given sample grid cell, and the mean elevation of that grid cell (ElevMEAN). This
variable represents a proxy for slopes that could amplify ground shaking due to their “larger scale
steepness” (larger than just a sample grid-cell size), in which larger values of LSR represent the
steeper and higher slopes of the region, which can amplify ground shaking more than lower in
height and less steep slopes (Ashford et al., 1997; Massey et al., 2016)

Meters (m)

(a) (b)

(c) (d)

Figure 4. Peak ground velocities (PGVs) and peak ground ac-
celerations (PGAs) from (a) Bradley et al. (2017) (PGVBRADLEY),
calculated up to frequencies of > 10 Hz, grid resolution 1000 m;
(b) PGVLF, calculated using the method by Holden et al. (2017)
up to a frequency of 0.33 Hz, grid resolution 500 m; (c) PGVSM
from ShakeMap NZ (median estimates), calculated up to frequen-
cies of 50 Hz, grid resolution 1000 m; and (d) PGASM from Shake-
Map NZ (median estimates), calculated up to frequencies of 50 Hz,
grid resolution 1000 m. The Kaikoura earthquake landslide distri-
bution (shown as gray polygons, N � 10; 195 landslides) are over-
lain on all the maps.
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Figs. 1b, 4, 5, and 6a–d). To represent the landslide forcing
variables, we adopted (1) peak ground velocity (PGV)
models, (2) peak ground acceleration (PGA) models,
(3) the proximity of a landslide to a coseismic fault rupture,
(4) permanent coseismic fault displacement derived from
Interferometric Synthetic Aperture Radar and Global
Positioning System measurements (Hamling et al., 2017;
Fig. 5), and (5) local slope relief (LSR). We adopted var-
iables (1) and (2) as proxies for ground shaking, and var-
iables (3) and (4) as less direct proxies for ground shaking.
The permanent coseismic displacement variable also serves
as a proxy for other susceptibility factors such as rock mass
damage and steeper and higher relief. This is because dis-
placement can lead to rock mass deformation, and displace-
ment in a vertical sense (uplift) is usually associated with
reverse-fault hanging walls, which in the Kaikoura region is
where the steeper slopes are located. The proximity to a
fault is inherently included in the estimation of PGV and
PGA; however, we included it separately to examine the
influence of local ground deformation and other near-field
effects that might not be fully taken into account in the
ground-motion models. To include this in the model, we
determined the horizontal distance of each sample grid cell
to the surface projection of the nearest fault that ruptured to
the surface. These faults are different than the locations of
the simplified faults used in the Hamling et al. (2017) fault
model, and its variations, which was used in the ground-
motion modeling of PGA and PGV. It should also be noted
that the proximity to fault variable does not account for
faults that did not rupture to the surface, but which also con-
tribute to the shaking intensity. The location of those faults
that ruptured to the surface during the earthquake was taken

from the GNS Science Active Faults database (Langridge
et al., 2016; Stirling et al., 2017; Litchfield et al., 2018).
LSR was defined as the maximum height difference with-
in a fixed 80 m radius of the centroid of a given grid cell.
It represents a proxy for slopes that could amplify ground
shaking due to their “larger-scale relief” (larger than just a
sample grid cell size), where larger values of LSR represent
the steeper and higher slopes of the region, which can am-
plify ground shaking more than lower-in-height and less
steep slopes (Ashford et al., 1997; Massey et al., 2016;
Rai et al., 2016; see Table 2 for details). We also used slope
aspect to investigate directivity effects caused by the earth-
quake-rupture sequence on landslide occurrence; refer to
Table 2 for details.

(a) (b)

Figure 5. Permanent ground displacement: (a) horizontal and
(b) vertical, and the inferred fault model taken from Interferometric
Synthetic Aperture Radar (InSAR) and Global Positioning System
(GPS) measurements relating to the Kaikoura earthquake presented
by Hamling et al. (2017), grid resolution of 100 by 100 m, overlain
by the Kaikoura earthquake landslide distribution (shown as gray
polygons, N � 10;195 landslides).

(a) (b)

(c) (d)

(e) (f)

Figure 6. Maps (a–d) show the distributions of the main sus-
ceptibility predictor variables used in the logistic regression model:
(a) elevation (ElevMEAN), (b) slope (SlopeMEAN), (c) distance to fault
(FaultDist), and (d) local slope relief (LSR). Maps (e,f) show the
estimated landslide probabilities (PLS) from the logistic regression
model: (e) adopting the PGASM variable as the input ground motion
and (f) adopting the PGVSM variable as the input ground motion.
The faults that ruptured to the surface during the earthquake are
shown as red lines.
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To estimate the PGV and PGA variables, we used
three different ground-motion models, as follows:
(1) PGVBRADLEY from Bradley et al. (2017); (2) PGVLF,
which is low-frequency (long-period) PGV calculated up
to 0.33 Hz, and derived using the method described by
Holden et al. (2017); (3) PGASM and PGVSM from Shake-
Map NZ (listed in Data and Resources), developed by the
U.S. Geological Survey (Wald et al., 1999; Worden et al.,
2012), and calibrated for New Zealand by Horspool et al.
(2015) (Fig. 4c,d). The first two models incorporate directiv-
ity and basin amplification effects using 3D velocity models
and account for along-strike variations in fault slip, whereas
the third does not directly account for any of those effects
except where they are captured by felt reports or seismic
data. All three ground-motion models are based on the
fault-source model of Hamling et al. (2017). All models
use the strong-motion data for the earthquake recorded by
the GeoNet strong-motion stations located within the area
affected (Figs. 1 and 4). However, there were only four sta-
tions within the 3600 km2 main area that was affected by
landslides, about one station for every 900 km2, and 13 in
the wider area that was affected (10;000 km2), about one sta-
tion for every 800 km2. The minimum, maximum, and mean
distances between these stations were 6.5, 51.3, and 23.6 km,
respectively, indicating a sparse coverage of stations for the
main area affected by landslides.

We used landslide susceptibility variables of (1) eleva-
tion, (2) slope curvature, and (3) geology. Curvature was
used as a proxy to represent potential slope-scale patterns of
topographic amplification that tend to occur at breaks in
slope (Ashford et al., 1997; Rai et al., 2016) and localized
slope morphology that could represent pre-earthquake land-
slide scarps and therefore potentially unstable slopes, thus

representing both a susceptibility and earthquake forcing var-
iable. Curvature is scale dependent and will vary as a result
of both the size of the landslide and the slope. For this article,
curvature was calculated using ArcGIS and taken from the
curvature of the surface on a cell-by-cell basis, as fitted
through that cell and its eight surrounding neighbors. This
appeared to best capture the more significant breaks in slope
relative to the scale of the morphology of the slopes along the
coast and inland, but not the higher peaks of the Kaikoura
Ranges. Further work is needed to investigate the scale
dependency of slope curvature and its effects on landslide
occurrence. Slope gradient and elevation of each 32-m sam-
ple grid cell were measured by taking the mean values from
the n � 16; 8 × 8 m grid cells that fell within it. Table 2
details how these variables were calculated. We used a

categorical variable to represent the main geological units
present in the area (Table 1 and summarized in Table 2),
adopting four categories.

Model fitting was done manually using the Statistica
software (see Data and Resources). For a predictor variable
to be included in the model, it must have a logical and sta-
tistically significant influence on PLS. We used a significance
level (p-value) of p < 0:05 (using the Wald statistic) as the
threshold for inclusion in the model. During model fitting,
multiple variable combinations were iteratively tested. To
ensure that the predictor variables included in the model
do not exhibit multicollinearity, we used a variance inflation
factor (VIF) matrix, given as

EQ-TARGET;temp:intralink-;df3;313;577VIF � 1

1 − R2
; �3�

in which R2 is the linear coefficient of determination of the
relationship between any pair of predictor variables. Pairs
with VIF > 10, indicating a high level of multicollinearity,
are avoided in our models (Kutner et al., 2004; Parker et al.,
2015; Table A2). The final models represent those variables
that produced the best fit while meeting the significance level
and multicollinearity criteria.

Results

We independently derived two models—one adopting
PGASM and one adopting PGVSM as the ground-motion
parameter—to hindcast the probability of a landslide occur-
ring in each grid cell. Landslide probability (PLS) is given by
the following equation for PGA:

EQ-TARGET;temp:intralink-;df4;55;309PLS �
1

1� exp
�
−
�
CIntercept � CPGASM

×PGASM � CFaultDist×FaultDist� CElevMEAN
×ElevMEAN

�CSlopeMEAN
×SlopeMEAN � CLSR×LSR� CGeologyX

�� ; �4�

in which the regression coefficients are denoted by c. The
regression coefficients and goodness-of-fit statistics are
shown in Tables 3 and 4 for models adopting PGASM and
PGVSM as the ground-motion predictor variables. We found
that the best combinations of predictor variables used to
estimate landslide probability were regional ground-motion
models (PGASM or PGVSM), distance to the surface expres-
sion of a fault that ruptured, slope gradient, elevation, LSR,
and geology. All the other variables tested during model
fitting were found to be less effective predictors than those
included in the models, or they failed either the statistical
significance test (p < 0:05) or the VIF test.

Figure 6e,f shows the spatial distribution of PLS calcu-
lated using the two regression models (Tables 3 and 4). The
only difference between the combinations of variables used
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in each model is the ground-motion parameter (PGASM and
PGVSM). The results show that there is little statistical
(Tables 3 and 4) or spatial (Fig. 6e,f) difference between the
model outputs of PLS. There was also little difference in the
modeled PLS, when substituting other ground-motion varia-
bles (PGVBRADLEY, PGVLF, and PGVMEAN) independently
in the model, while keeping the other variables fixed. To fur-
ther investigate the explanatory power of the other variables

on PLS, we adopted a model that uses PGVSM (Table 4),
because the model results have a marginally higher coeffi-
cient of determination—pseudo R2 adopting Nagelkerke’s
R2 method—than those when the other PGVor PGA ground-
motion variables were adopted. Although the pseudo R2 of
this model is relatively low, it is comparable with other sim-
ilar studies on landslide data sets from New Zealand (Parker
et al., 2015).

Although the predictive power of the model on PLS is
low, it has no apparent biases in any part of its range. Figure 7
presents a comparison of observed versus predicted PLS.
This relationship was calculated by accumulating (adding)
the predicted PLS values for each sample grid cell from
smallest to largest, along with the corresponding observed
Y-value for the same grid cell. For the PGASM and PGVSM

models, the observed and predicted probabilities display a
good fit to the line of equality. This shows that the modeled
probabilities are broadly consistent with the data. The low
pseudo R2 of the model indicates that there are many land-
slides in cells with low values of PLS. For example, the
model adopting PGVSM has about 43,100 cells that are clas-
sified as landslides (Y � 1) in which the modeled landslide
probability is ≤ 10%. However, there are over 3.4 M cells for
which the modeled probability of a landslide occurring is less
than 10%, resulting in a landslide pixel density of about
0.005 landslides per cell. Conversely, there are only 228 pix-
els for which the modeled landslide probability is > 50%,
of which 26 are classified as being landslides, resulting in
a landslide pixel density of 0.11.

Figure 8 shows the predictor variables in rank order of
significance, which we determined by sequentially removing
each of the predictor variables that contribute least to the fit of
the models. In each model, and in order of importance, the
slope angle, distance to fault, elevation, and geology variables
contribute most to the fit of the models, followed by PGVSM

(or PGASM when substituted for PGVSM in the model) and

Table 4
Logistic Regression Output Coefficients and Model Fit

Statistics

95% Confidence Interval

Variable
Coefficient

(c)
Standard
Error

Lower
Bound

Upper
Bound

Intercept −8.5968 0.0494 −8.6937 −8.4999
PGVMEAN 0.0294 0.0005 0.0284 0.0303
FaultDist −0.0002 0.000003 −0.0002 −0.0002
ElevMEAN −0.0013 0.00002 −0.0013 −0.0012
SlopeMEAN 0.0835 0.0012 0.0812 0.0858
LSR 0.0158 0.0006 0.0147 0.0170
Geology 1 0.1537 0.0214 0.1117 0.1957
Geology 2 0.3005 0.0188 0.2637 0.3372
Geology 3 −0.0978 0.0174 −0.1320 −0.0636
Geology 4 −0.3563 0.0137 −0.3831 −0.3295

Input ground-motion variable PGVSM. Binomial logistic regression—
modeled probability that landslide = 1. Number of observations:
3,481,858. Likelihood ratio X2 :3:49 × 104. All variables have p-values
of less than 1 × 10−8. Pseudo R2 :0:144.
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Figure 7. Consistency of the logistic regression model proba-
bilities with the data, adopting the variables listed in Table 3 and
ground-motion parameter PGVSM. The graph shows a comparison
of observed and predicted landslide probabilities, calculated by
accumulating (adding) the predicted landslide probability (PLS)
values for each sample grid cell from smallest to largest, along with
the corresponding observed Y-value for the same grid cell.

Table 3
Logistic Regression Output Coefficients and Model Fit

Statistics

95% Confidence Interval

Variable
Coefficient

(c)
Standard
Error

Lower
Bound

Upper
Bound

Intercept −8.2531 0.0471 −8.3454 −8.1608
PGASM 0.0278 0.0005 0.0268 0.0288
FaultDist −0.0002 0.000003 −0.0002 −0.0002
ElevMEAN −0.0014 0.00002 −0.0014 −0.0013
SlopeMEAN 0.0816 0.0012 0.0793 0.0840
LSR 0.0158 0.0006 0.0146 0.0169
Geology 1 0.5813 0.0196 0.5429 0.6197
Geology 2 0.1963 0.0186 0.1599 0.2327
Geology 3 −0.1466 0.0104 −0.3117 −0.2434
Geology 4 −0.6866 0.0084 −0.7031 −0.6700

Input ground-motion variable PGASM. Binomial logistic regression—
modeled probability that landslide = 1. Number of observations:
3,481,858. Likelihood ratio X2 :3:41 × 104. All variables have p-values
of less than 1 × 10−8. Pseudo R2 :0:141.
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LSR. Notably, distance to the surface expression of a fault that
ruptured has more explanatory power in the regression model
than PGASM or PGVSM ground-motion models or any of the
other modeled PGV variables when tested independently
within the regression model. This variable may be capturing
(1) additional ground-motion parameters such as high-fre-
quency ground motions that are not captured by the current
PGA and PGVmodels, but which will sharply decay with dis-
tance from a fault; (2) the complex nature of the multifault
rupture, and the multifrequency ground-motion intensity—
and not just the higher frequency ground motions—better than
the current PGA and PGVmodels even though it does not take
into account the shaking contributed by those faults that did
not rupture to the surface; and (3) the influence of rock mass
damage on the rock mass strength, in which rock masses
closer to faults are likely to be more jointed or damaged
and have lower mass strengths than those less damaged rock
masses, formed in similar materials, located farther away from
faults. In addition, pre-existing persistent discontinuities such
as faults and permanent tectonic surface deformation along
some of them could have been important in triggering several
of the large landslides located directly on or close to faults that
ruptured to the surface.

The relatively low pseudo R2 value of the model might
be taken to suggest that variables not considered in the pre-
sented models might be important for predicting PLS. For
example, only four main geological units have been adopted
even though there are significant differences in rock type and
their associated physical properties within these four broad
groups. Such differences in their properties have not yet been
determined in sufficient detail to be included in the models.
Also, the northwestern part of the main area affected by land-
slides contains a cluster of many small landslides (west-
southwest of Ward, Fig. 1), situated in areas of Neogene
mudstone. This area does not stand out in the models as hav-
ing a high PLS, and ground shaking (Fig. 4) was relatively
low in this area during the Kaikoura earthquake with no

nearby faults rupturing, which suggests that some other var-
iable may be needed to explain this distribution. This area
was affected by the 16 August 2013Mw 6.5 Lake Grassmere
earthquake and to a lesser extent by the 21 July 2013Mw 6.6
Cook Strait earthquake (Fig. 1; Van Dissen et al., 2013). The
Lake Grassmere earthquake generated landslides in this area,
and it induced slope cracking. Thus, the Lake Grassmere
earthquake may have preconditioned the slopes in the area
to fail in the subsequent Kaikoura earthquake (as described
by Parker et al., 2015). Alternatively, the mismatch between
modeled and observed landsliding could be due to the high
amplitude of the shaking in this area from the large amount
of slip on the Kekerengu fault (Litchfield et al., 2018), which
may not be captured by the current ground-motion models.

Discussion

Kaikoura Earthquake Landslide Numbers and Their
Size

Our results suggest that the number of large landslides
> 10;000 m2 generated by this earthquake is fewer than the
number generated by the similar magnitude 1929 Mw 7.8
Murchison earthquake in New Zealand and similar to the
number triggered by the smaller magnitude 1968 Mw 7.1
Inangahua earthquake. One reason for this might be that
the area affected by strong shaking and landslides is topo-
graphically constrained. Specifically, several of the faults
that ruptured to the surface extended offshore, leading to the
triggering of many submarine landslides, which are not taken
into account in the terrestrial landslide distribution examined
in this article. Another reason for this difference may be that
the Kaikoura earthquake involved the rupture of more than
20 faults that broke to the land surface over a fault-zone
length of more than 100 km, suggesting that the earthquake
comprised numerous subevents (Kaiser et al., 2017; Stirling
et al., 2017) of lower magnitude (Hamling et al., 2017). For
each fault that ruptured, an equivalent magnitude can be cal-
culated based on fault dimensions and estimated total slip
(estimated either from geodetic and/or seismic data inver-
sion). Hamling et al. (2017) estimated that the cumulative
moment from the faults that ruptured south of Kaikoura
equates to an Mw 7.5 earthquake. Even though the cumula-
tive moment from the northern faults is larger than from the
southern faults, the moment from some of the individual
smaller faults that ruptured to the north of Kaikoura was
equivalent to an Mw 7.1 earthquake (Hamling et al.,
2017). This would conceptually result in the shaking energy
being distributed over a larger area but at a smaller amplitude
and, possibly, duration. Large landslides are possibly more
sensitive to shaking in the range of frequencies that often
control the ground-motion PGV. If the moment release
was distributed across many faults, the shaking duration
and frequency content would reflect rupture from many
smaller faults rather than a single large fault. Thus, the shak-
ing would not have the same intensity as would be produced
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Figure 8. Logistic regression model performance adopting the
variables listed in Table 4 and ground-motion parameter PGVSM.
The graph shows the relative contributions of predictor variable
to the fit of the overall model. The sequence of model variables
and the resulting pseudo R2 values are shown in rank order of their
significance, which we determined by sequentially removing each
of the predictor variables contributing least to the fit of the model.
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by a single-fault rupturing with Mw 7.8. With this in mind,
it will be important to update the landslide regression
models as improved ground-motion modeling data become
available.

Possible Controls on the Size of the Landslides
Triggered by the Earthquake

The strength of the dominant rock type in the area that
was strongly shaken was mainly graywacke, and it accounts
for 60% of the rocks in the main area affected by landslides.
The coseismic landslide distribution in graywacke is domi-
nated bymany small landslides with few very large ones. Non-
earthquake-induced landslides in such materials have in the
past been limited in size as graywacke tends to be highly
jointed, favoring smaller failures (Hancox et al., 2015). Pre-
vious work on fracture spacing in Torlesse Schist of the
Southern Alps suggests that its properties are highly influen-
tial in geomorphic response (Hales and Roering, 2009). Addi-
tional work is required to assess the landslide distribution
source areas and volumes with regard to the main geological
materials in which they occurred, and the role of rock mass
conditioning of landslide source areas/volumes. Such an as-
sessment is outside the scope of this current article.

Another contributing factor might be that high-frequency
energy radiation during the Kaikoura earthquake is inferred by
some researchers (e.g., Kaneko et al., 2017) as smaller than
during other landslide-triggering crustal earthquakes of a sim-
ilar magnitude. Although the energy magnitude (Me) of the
Kaikoura and 2008 Mw 7.8 Wenchuan, China, earthquakes
derived from low-frequency (0.5–70 s) waveforms (Incorpo-

rated Research Institutions for Seismology
Data Management Center [IRIS–DMC],
2013a) are similar (Me 7.93 and 8.06, re-
spectively), there is a significant difference
in the energy magnitudes estimated from
higher frequency (0.5–2 s) waveforms
(Me 7.59 and 8.05, respectively) (IRIS-
DMC, 2013b).

The Role of Distance from the
Surface Fault Rupture

To explore the relationship between
landslide occurrence and proximity to a
surface fault rupture, we plotted the land-
slide point and area densities as a function
of the distance from the surface expression
of the nearest fault that ruptured (Fig. 9).
We did this by creating successive buffer
zones around the mapped fault traces that
ruptured to the surface (Litchfield et al.,
2018; Nicol et al., 2018). Then, we com-
puted the number and total area of landslide
source areas within each successive 200 m
buffer to a distance of 3000 m on either side

of the mapped fault trace as well as those landslide source
areas through which faults pass. The density of landsliding
in areas outside the fault buffers was also calculated for com-
parison. The results show that the landslide densities (both
point and area) within 200 m of a fault are as much as three
times greater than densities outside the 3000 m buffers. The
results also show a general decrease in landslide density with
increasing distance from a fault. At a distance of about 2500–
3000 m, the background landslide density (termed “rest of
area” in Fig. 9) is reached. This finding may be the result
of (a) high-frequency shaking, which declines rapidly with
distance from a fault, being an important control on the density
of landslides triggered by the Kaikoura earthquake; (b) the
rock masses close to faults being weaker because of damage
from previous fault rupture events; and (c) slopes nearer faults
often exhibit greater relief and are steeper than those farther
away, which is the case for those slopes in the Kaikoura re-
gion. Others have reported similar findings, for example,
Scheingross et al. (2013) hypothesized that earthflows tend
to cluster near the creeping San Andreas fault because of a
fault-induced zone of reduced bulk-rock strength that in-
creases hillslope susceptibility to failure. Meunier et al.
(2007) also suggested that near-field (near-fault) high-fre-
quency shaking is likely to have been an important control
on the density of landslides triggered by earthquakes.

Only 44 of the mapped landslide source areas are
directly intersected by faults that ruptured to the surface,
but this number includes seven of the eight largest landslides
triggered by the Kaikoura earthquake. This would suggest
that the initiation of these large landslides might have been
due to a combination of pre-existing discontinuities such as
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Figure 9. Landslide point and area density (N � 10;195 landslides) within each
200 m distance from fault buffer. Landslide density is calculated by taking the centroid
of each landslide source area that falls within each 200 m distance buffer from the
mapped surface expression of the faults that ruptured during the earthquake. The number
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area of slope (km2) within each bin. The landslide area density is also shown, which is
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by the total area of ground within each 200 m bin.
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faults and rock mass damage, dynamic strong shaking, and
permanent tectonic displacement of the fault as it ruptured to
the surface within the source area.

Earthquake Ground-Motion Frequency, Slope
Amplification, and Landsliding

As noted earlier, our logistic regression analysis indi-
cates that PGA (or PGV when substituted for PGA in the
model) from the ShakeMap NZ models performs best, but
overall the PGA (or PGV) variable has low explanatory
power on predicting landslide occurrence. Distance to fault,
which may capture additional ground-motion parameters,
has a much higher explanatory power.

Generally, the shaking nearer the source contains a lot
more high-frequency energy than farther away (e.g., Davies,
2015), suggesting that ground-motion frequency may play a
key role in determining slope response. Therefore, slopes
that are near faults that rupture are more likely to experience
such high-frequency ground motions. If the fundamental fre-
quency of the slope is similar to the dominant frequency of
the ground motion, amplification of shaking may also occur
(Geli et al., 1988).

Ashford et al. (1997) showed that the fundamental fre-
quency (f) of a slope behind the crest can be estimated using
the following equation:

EQ-TARGET;temp:intralink-;df5a;55;427f � 4 ×H
VS

; �5a�

and a slope/topographic frequency:

EQ-TARGET;temp:intralink-;df5b;55;375f � 5 ×H
VS

; �5b�

in which H is the slope height (or relief) and VS is the shear-
wave velocity of the material forming the slope. More re-
cently, Rai et al. (2016) developed a model to predict the
effects of topography on earthquake ground motions, adopt-
ing the relative relief of a slope (such as the LSR used in this
article). For slopes in the main area affected by landslides,
the mean and modal values for slope relief are 135 and
85 m for coastal slopes, and for inland slopes they are 588
and 103 m, respectively. The mean VS30 of the rock forming
the coastal and inland slopes is estimated by Perrin et al.
(2015) as 1000 m=s. Equation (5a) yields fundamental
frequencies of the coastal slopes ranging from 1.9 to 2.9 Hz,
and of the inland slopes from 0.4 to 2.4 Hz, for the mean and
modal slope relief, respectively. Such fundamental frequen-
cies are relatively high, suggesting that the combination of
high-frequency shaking at close proximity to the faults, and
amplification of shaking caused by the slopes responding to
such high-frequency shaking, may explain why so many
landslides occurred on slopes adjacent to faults. It should be
noted that it is not just the fundamental frequency of the hill-
slope that matters, which will scale with slope morphology
and relief, but also the fundamental frequency of the poten-

tial failure mass, which is likely to be shallower, and there-
fore have a higher fundamental frequency than the overall
slope. However, such a difference may only be distinguish-
able from the rest of the slope if there is some pre-existing
plane or damage resulting in a contrast of density/shear-wave
velocity between the potential failure mass and the slope
(e.g., Massey et al., 2016).
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Figure 10. Landslide source areas (N � 10;195 landslides)
normalized relative to the largest mapped landslide (area in km2)
and their associated elevation and slope angle taken from the
8 by 8 m New Zealand DEM. The slope angle and elevation
values attributed to each landslide source area were sampled from
the digital elevation grid by calculating the mean values within each
source area polygon. (a) Landslides on coastal slopes only and
(b) landslides on noncoastal slopes. (c) Area of slope within a given
slope-angle bin as a proportion of the total area of coastal and non-
coastal slopes. (d) Landslide point density for each slope-angle bin
adopting 10° bins. Landslide density is calculated by taking the
number of landslide sources that have mean slope angles that are
within each 10° slope-angle bin range. The number (N) of land-
slides within each slope-angle bin range is then divided by the area
of slope (km2) within each bin. The point densities are calculated
for coastal and noncoastal slopes and landslides.
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Landslide Slope Angle and Elevation

We explored the higher density of landslides on the
coastal slopes by attributing the centroid of each landslide
source area with its mean slope angle and elevation. We split
the landslide distribution into coastal and noncoastal slopes
—where costal slopes are defined as those that extend from
the sea to the first main inland ridge line, an approximate
strip about 1 km wide—and calculated the area of coastal/
noncoastal slope within each slope-angle bin (Fig. 10). The
results show that coastal slopes consistently have more land-
slides for a given slope angle than corresponding inland
slopes, but that the mean size of the landslide sources on the
inland slopes is larger than those on coastal slopes. Variations
in slope angle and geology cannot explain this difference
because the proportion of inland slopes in the steeper slope-
angle bins (Fig. 10b) is larger than the proportion of slopes
on the coast within the same corresponding slope-angle bins.
The coastal slopes are primarily formed from graywacke,
which is also the dominant rock type forming the slopes in-
land. A possible explanation for these smaller landslides on
the coastal slopes is that their size has been limited by the
topography, as the coastal slopes have a lower relief (i.e.,
elevations less than 500 m amsl) compared with the higher
relief slopes inland.

The results of the logistic regression model show that
landslide probability increases with decreasing elevation and
coastal slopes are at lower elevations. This finding could be
due to the coastal-slope geometry and materials (and con-
trasting materials caused by coastal weathering processes
and products), and their effects on amplifying the ground
shaking. Studies of similar coastal slopes (Massey et al.,
2016), albeit in different materials, have shown that ampli-
fication—between the peak acceleration of the free-field
earthquake motion and the average peak acceleration of
the slope—of shaking between the base and crest of a slope
could be up to 2.5 times, with a mean of 1.6 times, higher at
the crest than the base of the slope. Such values are compa-
rable with the amplification factors reported by Ashford et al.
(1997). It is also possible that the predominantly graywacke
coastal slopes are more weathered than their inland counter-
parts. Such hypotheses are likely to form the basis of future
research on the landslides generated by the Kaikoura
earthquake.

Conclusions

Our main findings are (1) the number of large landslides
(with source areas ≥ 10;000 m2) triggered by the Kaikoura
earthquake is fewer than the number of similar sized land-
slides triggered by other similar magnitude earthquakes in
New Zealand; (2) the largest landslides (with source volumes
from 5 to 20 Mm3) occurred either on or within 2500 m of
the more than 20 mapped faults that ruptured to the surface;
(3) the landslide density within 200 m of a mapped surface
fault rupture is as much as three times higher than those

densities farther than 2500 m from a ruptured fault;
(4) for the same slope angles, coastal slopes have landslide
point densities that are an order of magnitude greater than
those in similar materials on the inland slopes, but their
source areas are significantly smaller, possibly indicating
that these slopes locally amplified ground shaking, and
(5) the “distance to fault” predictor variable, when used as
a proxy for ground-motion intensity, has more explanatory
power in predicting landslide probability than the modeled
PGA or PGV variables adopted in the logistic regression
modeling, even though this variable does not account for
faults that did not rupture to the surface, but which also con-
tribute to the shaking intensity. This relationship might be
because the distance to fault variable captures (a) the
high-frequency ground motions and their attenuation with
distance from a fault better than the current PGA and
PGV models; (b) the complexity of the multifault rupture,
and therefore the multifrequency ground-motion intensity,
better than the current PGA and PGV models; and (c) the
more damaged nature of the rock masses close to the faults,
where they tend to be more sheared and weakened.
The strong explanatory power of the “distance to fault” pre-
dictor variable could also reflect the apparent structural con-
trol of some of the largest landslides that occur on or near
faults.

Data and Resources

A recent update on information relating to submarine
landslides triggered by the Kaikoura earthquake was given
in the American Geophysical Union (AGU) Landslide Blog
(http://blogs.agu.org/landslideblog/2017/02/27/niwa‑1/, last
accessed October 2017). The ShakeMap NZ map of peak
ground accelerations for the Kaikoura earthquake was pub-
lished online on the GeoNet website (http://www.geonet.org.
nz/news/fiBlIE2uNq2qGmmiOg42m, last accessed October
2017). The software package used to carry out the logistic
regression is called Statistica (http://www.statsoft.com/
Products/STATISTICA-Features, last accessed October
2017). The version 1.0 landslide data set used in this article
can be downloaded from the GNS Science landslide database
https://data.gns.cri.nz/landslides/ (last accessed October
2017) or the https://www.designsafe-ci.org/ (last accessed
October 2017) website.
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Appendix

This appendix is comprised of two tables. Table A1 is a
summary of the imagery and topographic data used to map
version 1.0 of the landslide distribution presented in the ar-
ticle and Table A2 is the variance inflation factor (VIF) ma-
trix, which was used as a method to ensure that the predictor
variables included in the logistic regression model did not
exhibit multicollinearity.

GNS Science
P.O. Box 30-368
Lower Hutt 5040
New Zealand
c.massey@gns.cri.nz

(C.M., D.T., B.L., Y.K., N.H., I.H., J.C., S.C., S.D., C.H.,
K.J., A.K., B.L., R.M., D.R., B.R., D.S., C.S.)

University of Texas
110 Inner Campus Drive
Austin, Texas 78705

(E.R., M.L.)

U.S. Geological Survey
P.O. Box 25046, DFC, MS 966
Denver, Colorado 80225-0046

(K.E.A., R.W.J., J.W.G., F.K.R.)

University of Canterbury
Private Bag 4800
Christchurch 8140
New Zealand

(B.B., J.D., M.V.)

University of Washington
132F More Hall
Seattle, Washington 98195

(J.W.)

University of Sheffield
Western Bank
Sheffield S10 2TN
United Kingdom

(D.N.P.)

Massey University
Private Bag 11 222
Palmerston North 4442
New Zealand

(S.M.)

Manuscript received 11 October 2017;
Published Online 27 March 2018

Landslides Triggered by the 14 November 2016 Mw 7.8 Kaikoura Earthquake, New Zealand 17

BSSA Early Edition

http://dx.doi.org/10.1029/2008jf001008
http://dx.doi.org/10.1029/2000GL008527
http://dx.doi.org/10.1029/2000GL008527
http://dx.doi.org/10.1016/j.epsl.2007.01.040
http://dx.doi.org/10.1785/0120110156
http://dx.doi.org/10.1007/s10346-013-0404-6


Ta
bl
e
A
1

Su
m
m
ar
y
of

D
at
a
U
se
d
to

C
om

pi
le

th
e
L
an
ds
lid

e
In
ve
nt
or
y

It
em

D
at
a

Ty
pe

D
at
e
(N

Z
ST

)
So

ur
ce

G
ro
un
d

R
es
ol
ut
io
n

(m
)

Pu
bl
ic

A
va
ila
bi
lit
y

N
ot
es

Pr
e-
K
ai
ko
ur
a

ea
rt
hq
ua
ke

da
ta

1
K
ai
ko
ur
a
D
is
tr
ic
t
ae
ri
al

ph
ot
og
ra
ph
s

O
rt
ho
re
ct
if
ie
d
m
os
ai
cs

20
14
–2
01
5

E
nv
ir
on
m
en
t
C
an
te
rb
ur
y

(E
C
A
N
)
(c
ap
tu
re
d
by

A
er
ia
l
Su

rv
ey
s)

0.
3

Y
es

In
di
vi
du
al
til
ed

tif
fs
(p
ro
vi
de
d

by
C
ou
nc
il)

co
nv
er
te
d
to

on
e
m
os
ai
c
by

G
N
S

Sc
ie
nc
e

2
M
ar
lb
or
ou
gh

D
is
tr
ic
t

ae
ri
al

ph
ot
og
ra
ph
s

O
rt
ho
re
ct
if
ie
d
m
os
ai
c

20
11
–2
01
2

M
ar
lb
or
ou
gh

D
is
tr
ic
t
C
ou
nc
il

(M
D
C
)
(c
ap
tu
re
d
by

A
er
ia
l

Su
rv
ey
s)

0.
4

Y
es

In
di
vi
du
al
til
ed

tif
fs
(p
ro
vi
de
d

by
C
ou
nc
il)

co
nv
er
te
d
to

on
e
m
os
ai
c
by

G
N
S

Sc
ie
nc
e

M
ar
lb
or
ou
gh

D
is
tr
ic
t

ae
ri
al

ph
ot
og
ra
ph
s

O
rt
ho
re
ct
if
ie
d
m
os
ai
c

20
15
–2
01
6

M
D
C
,
ca
pt
ur
ed

by
A
A
M

G
ro
up

L
td

0.
2

E
ar
ly

20
18

In
di
vi
du
al

til
ed

tif
f
fo
rm

at
fi
le
s

3
K
ai
ko
ur
a
di
gi
ta
l
su
rf
ac
e

m
od
el

(D
SM

),
ge
ne
ra
te
d
fr
om

th
e

ph
ot
og
ra
ph
s
ta
ke
n
fo
r
1

an
d
2

E
SR

I
gr
id

fi
le

20
14
–2
01
5

E
C
A
N
,
ca
pt
ur
ed

by
A
er
ia
l

Su
rv
ey
s
L
td

1.
0

E
ar
ly

20
18

4
E
SR

I
gr
id

fi
le

al
re
ad
y

pr
ov
id
ed

20
14
–2
01
5

E
C
A
N
,
ca
pt
ur
ed

by
A
er
ia
l

Su
rv
ey
s
L
td

10
.0

E
ar
ly

20
18

5
A
ir
bo
rn
e
lid

ar
Po

in
t
cl
ou
ds

co
nv
er
te
d
to

D
E
M
s
an
d
hi
lls
ha
de
s
by

G
N
S
Sc
ie
nc
e

20
12

C
ap
tu
re
d
by

A
A
M

G
ro
up

L
td

1.
0

Y
es

O
nl
y
th
e
co
as
ta
l
st
ri
p
fr
om

W
ar
d
th
ro
ug
h
to

C
he
vi
ot

Po
st
-

K
ai
ko
ur
a

ea
rt
hq
ua
ke

da
ta

5
W
or
ld
V
ie
w
-2

sa
te
lli
te

im
ag
er
y

M
ul
tis
pe
ct
ra
l
ba
nd
s
su
pp
lie
d

ra
w
.
O
rt
ho
re
ct
if
ie
d
as

an
Im

ag
in
e
fi
le

an
d
co
nv
er
te
d

to
m
os
ai
cs

by
G
N
S
Sc
ie
nc
e

22
N
ov
em

be
r

20
16

C
ap
tu
re
d
by

D
ig
ita
l
G
lo
be

2.
4

Y
es

E
ag
le

te
ch
no
lo
gy

pr
oc
es
se
d

th
e
sa
m
e
ra
w

im
ag
es

an
d

pr
ov
id
ed

to
al
l
of

go
ve
rn
m
en
t

6
W
or
ld
V
ie
w
-3

sa
te
lli
te

im
ag
er
y

15
N
ov
em

be
r

20
16

C
ap
tu
re
d
by

D
ig
ita
l
G
lo
be

1.
4

Y
es

7
G
eo
E
ye

sa
te
lli
te

im
ag
er
y

15
N
ov
em

be
r

20
16

C
ap
tu
re
d
by

D
ig
ita
l
G
lo
be

2.
0

Y
es

8
A
er
ia
l
ph
ot
og
ra
ph
s

R
G
B

st
er
eo
-t
if
f
fi
le
s
w
ith

im
ag
e
co
or
di
na
te
s,

pr
oc
es
se
d
to

in
di
vi
du
al

or
th
or
ec
tif
ie
d
im

ag
es

an
d

D
SM

s
by

G
N
S
Sc
ie
nc
e

D
ec
em

be
r

20
16

C
ap
tu
re
d
by

A
er
ia
l
su
rv
ey
s

L
td
.
co
m
m
is
si
on
ed

by
L
IN

Z
at
th
e
re
qu
es
to

f
G
N
S

Sc
ie
nc
e
an
d
ot
he
r
N
ew

Z
ea
la
nd

ag
en
ci
es

0.
3

E
ar
ly

20
18

A
re
a
co
ve
re
d
is
th
e
m
ai
n
ar
ea

af
fe
ct
ed

by
la
nd
sl
id
es

an
d

th
e
to
ta
l
ar
ea

af
fe
ct
ed

by
la
nd
sl
id
es

(c
on
tin

ue
d)

18 C. Massey et al.

BSSA Early Edition



Ta
bl
e
A
1
(C
on

tin
ue
d)

It
em

D
at
a

Ty
pe

D
at
e
(N

Z
ST

)
So

ur
ce

G
ro
un
d

R
es
ol
ut
io
n

(m
)

Pu
bl
ic

A
va
ila
bi
lit
y

N
ot
es

A
er
ia
l
Su

rv
ey
s
to

pr
ov
id
e

co
m
pl
et
e
pr
oc
es
se
d
da
ta
se
t

9
A
ir
bo
rn
e
lid

ar
Po

in
t
cl
ou
ds

co
nv
er
te
d
to

D
E
M

an
d
hi
lls
ha
de
s
by

G
N
S
Sc
ie
nc
e

N
ov
em

be
r–

D
ec
em

be
r

20
16

C
ap
tu
re
d
by

A
A
M

G
ro
up

L
td
.

co
m
m
is
si
on
ed

by
L
IN

Z
at

th
e
re
qu
es
to

f
G
N
S
Sc
ie
nc
e

an
d
ot
he
r
N
ew

Z
ea
la
nd

ag
en
ci
es

1.
0

O
n
re
qu
es
t

O
nl
y
th
e
co
as
ta
l
st
ri
p,

m
ai
n

fa
ul
ts
,
an
d
G
oo
se

B
ay

pr
ov
id
ed

to
da
te
.A

dd
iti
on
al

ar
ea
s
(d
am

si
te
s)

to
be

pr
ov
id
ed

la
te
r

10
Te
rr
es
tr
ia
l
lid

ar
of

la
nd
sl
id
es

an
d
la
nd
sl
id
e

da
m
s
on

th
e
ri
ve
rs

ca
lle
d
H
ap
uk
u,

O
te

M
ak
ur
a,

L
in
to
n,

C
on
w
ay
,
To

w
y,

St
an
to
n,

an
d
L
ea
de
r

Po
in
t
cl
ou
ds
,
or
th
or
ec
tif
ie
d

im
ag
es

N
ov
em

be
r
an
d

D
ec
em

be
r

20
16

C
ap
tu
re
d
by

G
N
S
Sc
ie
nc
e

V
ar
ia
bl
e

Y
es

M
ul
tip

le
su
rv
ey
s
of

ea
ch

da
m
.

Se
ve
ra
l
of

th
e
da
m
s
fa
ile
d

fo
llo

w
in
g
cy
cl
on
es

D
eb
bi
e

an
d
C
oo
k,

an
d
su
rv
ey
s
of

th
es
e
da
m
s
w
er
e
ca
rr
ie
d
ou
t

po
st

fa
ilu

re

M
ar
ch
,
A
pr
il,

M
ay
,
an
d

Se
pt
em

be
r

20
17

N
Z
ST

,
N
ew

Z
ea
la
nd

St
an
da
rd

T
im

e;
lid

ar
,
lig

ht
de
te
ct
io
n
an
d
ra
ng
in
g;

L
IN

Z
,
L
an
d
In
fo
rm

at
io
n
N
ew

Z
ea
la
nd
.

Ta
bl
e
A
2

V
IF

M
at
ri
x
fo
r
th
e
V
ar
ia
bl
es

In
cl
ud
ed

in
th
e
L
og
is
tic

R
eg
re
ss
io
n
M
od
el
s

V
ar
ia
bl
es

L
SR

Sl
op
e M

E
A
N

E
le
v M

E
A
N

Fa
ul
tD
is
t

PG
V

M
E
A
N

PG
V

B
R
A
D
L
E
Y

PG
V

L
F

PG
V

SM
PG

A
SM

L
SR

—
4.
54

1.
60

1.
00

1.
01

1.
03

1.
03

1.
13

1.
00

Sl
op
e M

E
A
N

—
1.
48

1.
00

1.
00

1.
03

1.
03

1.
16

1.
00

E
le
v M

E
A
N

—
1.
04

1.
00

1.
00

1.
02

1.
11

1.
02

Fa
ul
tD
is
t

—
1.
10

1.
04

1.
02

1.
30

1.
60

PG
V

M
E
A
N

—
8.
89

3.
04

1.
09

1.
16

PG
V

B
R
A
D
L
E
Y

—
1.
96

1.
00

1.
05

PG
V

L
F

—
1.
00

1.
03

PG
V

SM
—

1.
62

PG
A

SM
—

V
IF

va
lu
es

gr
ea
te
r
th
an

10
in
di
ca
te
a
hi
gh

le
ve
lo

f
m
ul
tic
ol
lin

ea
ri
ty

(K
ut
ne
r
et
al
.,
20
04
)
an
d
ar
e
av
oi
de
d
in

ou
r
m
od
el
s.

L
SR

,
lo
ca
l
sl
op
e
re
lie
f.

Landslides Triggered by the 14 November 2016 Mw 7.8 Kaikoura Earthquake, New Zealand 19

BSSA Early Edition


