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ARTICLE INFO ABSTRACT

The 2016 Mw 7.8 Kaikoura earthquake and consequent tsunami have been controversial because of uncertainty
over whether and where the plate interface ruptured and the incapability of the proposed source models to
reproduce the near-field runup of 7 m. Existing models identify a wide range of locations for the interface
rupture, from on land to offshore, and fail to reproduce runup of 7 m near Kaikoura. To generate the large
tsunami peak in Kaikoura tide gauge record and the observed runup height, offshore seafloor movement is
necessary, but the offshore extension of the plate-interface rupture and its type, either seismic rupture or a
landslide, is uncertain. Here, we propose a submarine landslide in addition to the earthquake source, with the
landslide delayed 10-20 min after the earthquake rupture. The landslide volume is 4.5-5.2 km?, located within
173.7-174.3°E (longitude) and 42.6-42.15°S (latitude). Our proposed dual tsunami source successfully re-
produces near-field tide gauge records as well as observed near-field runup height of 7 m. We showed that more
accurate source models of earthquakes can be achieved by considering observed runup data through runup
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inversions in addition to waveform inversions.

1. Introduction and background

A few years after the November 2016 Kaikoura earthquake and
tsunami (Fig. 1a), the debate about the source of the earthquake and the
characteristics of the resulting tsunami continues. The Kaikoura
earthquake, with moment magnitude (Mw) of 7.8, struck on the 13
November 2016at 11:02:56 UTC (Fig. la, USGS: US Geological
Survey). It generated a tsunami with maximum runups of up to 7m
(Lane et al., 2017; Power et al., 2017). A large concentrated coastal
runup was observed along a narrow segment of the coast close to Kai-
koura (Fig. 1c; latitude of 42.5°S). The mainshock's focal mechanism is
complicated, with oblique thrust faulting, initiating strike-slip move-
ment, followed by both strike-slip and thrust faulting (Duputel and
Rivera, 2017; Hollinsworth et al., 2017). One commonality of the dif-
ferent proposed source mechanisms (Duputel and Rivera, 2017;
Hollinsworth et al., 2017) is the occurrence of reverse faulting at the
plate-interface. Major uncertainties, however, are whether the plate-
interface ruptured or not; and if ruptured, whether the plate-interface
rupture was offshore or on land. Some models confine the plate-
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interface rupture to on land, others extend it offshore, and some models
lack any plate-interface rupture. Earthquake rupture location has major
implications on seismic hazard in the region [e.g. Furlong and Herman,
2017], but also on tsunami generation.

Several source models have been proposed following the Kaikoura
event, but none of them was able to reproduce the large concentrated
runup of ~7 m observed in Kaikoura. Simulations from two state-of-
the-art source models for the Kaikoura event generates up to 4m of
runup (pink and green lines, Fig. 1c) which is much smaller than ob-
servations (blue circles, Fig. 1c). The Kaikoura runup case reminds the
challenge of the 1998 Papua New Guinea (PNG) tsunami whose ob-
served concentrated runup of 15 m was only reproduced by a combined
earthquake and a submarine landslide source (Okal, 1999; Tappin et al.,
2001; Synolakis et al., 2002). The study by Okal and Synolakis (2004)
revealed that unusually-large and concentrated runups are most likely
the results of contribution of an additional co-seismic landslide source
to the tsunami. Such combined earthquake-landslide sources are known
as dual tsunami sources. Dual source earthquake and submarine land-
slide tsunamis are a poorly understood hazard, because there are too
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few well-studied examples. The most notable dual events include:
Messina (1908) (Billi et al., 2008; Fu et al., 2017), Makran (1945)
(Heidarzadeh and Satake, 2017a), Alaska (1946) (Okal et al., 2002,
2003), Java (2006) (Fritz et al., 2007) and Japan (2011) (Tappin et al.,
2014).

Here we review the source models for the 2016 Kaikoura tsunami.
Based on the preliminary results of Heidarzadeh and Satake (2017b),
rather than an offshore plate-interface rupture, we present supporting
numerical models for an additional submarine landslide which is able
to successfully reproduce the near-field observed runup of 7m. The
location of the submarine landslide source is determined based on the
iterative numerical tsunami modeling of various scenarios of dual
earthquake-landslide sources. The dual source model presented here for
the 2016 Kaikoura tsunami is the only source model that reproduces
both tide gauge records and the observed near-field runup heights.

2. Kaikoura tsunami source models

Co-seismic deformation of the Kaikoura earthquake includes rup-
ture of at least 12 major faults (Hamling et al., 2017). The aftershocks
are a mix of thrust and strike-slip faulting. Identification of the rupture
location varies with the data sets and the methods used for analysis
(Furlong and Herman, 2017). Hamling et al. (2017) (Fig. 2b), from
geodetic and coastal uplift inversion, proposed two tectonic mechan-
isms: one with and one without slip on the plate-interface fault. Both
slip models are located mainly on land where the plate-interface
movement is also located. Neither reproduces the near-field tsunami
observation at the Kaikoura tide gauge (pink lines, Fig. 1b) and the
observed runup (pink lines, Fig. 1c). Bai et al. (2017), based on tele-
seismic inversion and forward tsunami simulations, proposed a three-
segment, offset fault rupture, comprising two crustal and one plate-in-
terface faults (Fig. 2c). These faults are located mainly on land, but with
a plate-interface fault extended ~40km offshore of Kaikoura. The
model by Bai et al. (2017) successfully reproduced near-field tide gauge
records, but the authors did not investigate if their source model is able
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Fig. 2. a-d): Source models based on (a) USGS, (b) Hamling et al. (2017), (c) Bai
et al. (2017), and (d) Gusman et al. (2018). Rectangles show fault planes while
color maps are calculated crustal deformations generated by each source model.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

to reproduce the near-field runup of 7m. Heidarzadeh and Satake
(2017b), based on short-period waves recorded at local tide gauges,
proposed an alternative solution to the problem of the source location
(Fig. S1). To explain the recorded tsunami, they suggested the addition
(to the earthquake) of a submarine landslide. The possibility of a sub-
marine landslide is supported by the near-field narrow peak tsunami
recorded at the Kaikoura tide gauge (Fig. 1b). Support for the landslide
hypothesis has been provided by Gusman et al. (2018). These authors,
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Table 1
Parameters of all landslide scenarios considered in this study.
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Landslide Location (°E) Length (km) Width (km) Thickness (m) Volume Water Travel distance Max. initial sea level Max. initial sea level

Scenario (LS) ©°S) (km®)? depth (m) (m) depression (m) elevation (m)

1 174.61 10 10 150 4.47 2000 2000 —1.02 0.78
—42.085

2 174.35 10 10 150 4.47 1500 2000 —1.58 1.22
—42.20

3 173.97 10 10 175 5.22 1000 2000 —-2.21 1.712
—42.3

4 173.8 10 10 150 4.47 1000 2000 —1.58 1.23
—42.415

5 173.98 10 10 175 5.22 1500 2000 —2.22 1.72
—42.511

6 173.86 10 10 175 5.22 1500 2000 —2.22 1.72
—42.713

7 173.75 10 10 150 4.47 1500 2000 —-1.57 1.23
—43.0

8 174.65 10 10 150 4.47 2000 2000 -1.02 0.77
—42.72

9 174.0 10 10 150 4.47 500 2000 —-3.49 2.71
—42.3

10 174.0 15 15 300 20.14 1500 2000 —2.94 2.23
—42.5

11 173.7 10 30 200 17.89 1000 2000 —2.67 2.43
—42.4

12 173.6 12 33 150 17.72 1000 2000 -0.19 1.10
—42.34

13 173.6 15 45 150 30.2 1000 2000 —-0.31 0.85
—42.34

14 173.6 15 60 200 53.7 1000 2000 —0.65 1.52
—42.34

15 173.6 15 60 200 53.7 1000 2000 -1.23 1.53
—42.34

16 173.69 12 35 150 18.8 1000 2000 -1.20 1.10
—42.398

17 173.837 12 35 150 18.8 1000 2000 —-1.42 1.10
—42.449

18 173.8 10 10 100 2.98 1000 2000 —0.64 0.495
—42.415

@ Calculated using equation 2 of Enet and Grilli (2007).

based on the inversion of the recorded tsunami waves, identified a
tsunami-related sea surface disturbance (Fig. 2d). They speculated that
the disturbance was from either an offshore plate-interface rupture or,
alternatively, a submarine landslide. Although the model by Gusman
et al. (2018) reproduces the Kaikoura tide gauge record (green lines,
Fig. 1b), it cannot reproduce the near-field runup of 7 m (green lines,
Fig. 1c).

Although some source models successfully reproduced the Kaikoura
tide gauge record (Gusman et al., 2018; Bai et al., 2017), none of them
reproduces the near-field runup of 7m (Fig. 1c). This has been the
major challenge associated with the 2016 Kaikoura tsunami. Spectral
analysis of tide gauge data (Heidarzadeh and Satake, 2017b) showed a
dual-peak spectrum for the tsunami (Fig. S1), which is unusual for a
purely-tectonic event, and is more suggestive of a confined secondary
mechanism, such as a submarine landslide. A submarine landslide
mechanism is also supported by the numerical simulations of
Heidarzadeh and Satake (2017b) which, based on the purely earth-
quake source model, revealed an energy deficit compared to the tide
gauge observations for the short-period band of < 7 min. In this con-
text, to explain the observed near-field runup of 7 m, we examine the
possibility of the contribution of a submarine landslide to the 2016
Kaikoura tsunami.

3. Data and methods

We used three near-field tsunami observations from tide gauges at
Kaikoura, Sumner and Wellington (Fig. 1) provided by the GNS Science
New Zealand and Land Information New Zealand. We applied Welch

algorithm of Mathworks (2017) for Fourier analysis following the
procedure described in Rabinovich (1997). Numerical modeling of
tsunami was performed using combined earthquake-landslide sources.
The earthquake source model was based on that of Hamling et al.
(2017) with interplate rupture; although both crustal and interplate
models of Hamling et al. (2017) yield similar tsunami waves
(Heidarzadeh and Satake, 2017b). This model contains slips on 19
faults with varying strike, dip and rake angles and having a maximum
slip of 24.1 m for the strike-slip component and slip of up to 10 m for
the reverse component. Then, hypothetical landslide sources were
added. The analytical solution by Okada (1985) was used for con-
structing initial seafloor deformation for the earthquake source (using
input parameters of Hamling et al., 2017), while the semi-empirical
equations of Watts et al. (2003, 2005) were used to construct the initial
sea surface deformation due to the landslide. The numerical model of
Satake (1995) was used for tsunami simulation, with a time step of 1.0's
on the 30 arc-sec bathymetry grid of General Bathymetric Charts of the
Oceans (GEBCO, Weatherall et al., 2015). This numerical model solves
nonlinear shallow water equation. Inundation modeling is not included
because high-resolution bathymetry/topography data has not been
available for our study. We record wave oscillation on a coastal vertical
wall which gives an approximation of wave runup (Tinti et al., 2006;
Satake et al., 2013). Although our 30 arc-sec bathymetry grid is not
capable of resolving small-scale coastal features such as ports and bays,
our approach results in reasonable approximation of the overall runup
behavior as shown by Tinti et al. (2006) and Heidarzadeh et al. (2009).
To measure the quality of fit between observations and simulations, we
used the Normalized Root Mean Square (NRMS) misfit equation of
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Fig. 3. The initial sea surface deformation due to landslide scenarios 1 to 18 (LS-1 to LS-18). Star shows the location of the November 2016 epicenter. Detailed
information about each of these landslide sources are given in Table 1. Some of the landslide scenarios are shown as contours in order to be clearly identifiable when
the scenarios overlap each other. The blue and red contours represent depression and elevation, respectively. Contour intervals are 0.1 m. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Heidarzadeh et al. (2016a). The comparison was made for the first few
tsunami waves (first 30-60 min).

The semi-empirical equations of Watts et al. (2003, 2005), which
estimate the 3D sea surface at the end of landslide motion, has been
successfully applied by several authors for landslide-generated waves
(Synolakis et al., 2002; Satake and Tanioka, 2003; Okal and Synolakis,
2004; Tappin et al., 2008; Heidarzadeh et al., 2014; Heidarzadeh and
Satake, 2015a, 2017a). Landslide parameters were: length, 10-15 km;
width, 10-60 km; water depth at the center of slide, 500-2000 m,
thickness: 100-300 m; bulk density: 2150 kgm ™2 (Watts et al., 2003)
and travel distance: 2000 m (Table 1). We note that the travel distance
can vary at different locations due to different slop angles, but we have
fixed it here to decrease the number of landslide scenarios. The shape of
the initial mass is considered to be Gasussian (Watts et al., 2005; Enet
and Grilli, 2007). Landslides were aligned approximately normal to the
downslope direction of travel. Simultaneous dipoles (e.g. Synolakis
et al., 2002) were used. In total, 18 landslide scenarios (LS) were tested
located all over onshore and offshore Kaikoura (Fig. 3). Among various
landslide parameters, our LSs (Table 1) well constrain length, width,
thickness and location (water depth) of a potential landslide. The cri-
teria for choosing the landslide locations and sizes were to cover the
entire Kaikoura Canyon and to generate waves with periods and am-
plitudes similar to those of the observations, respectively. Slope angles
were in the range of 4-10%; a mean slope angle of 8% was considered
for all scenarios. As per Watts et al. (2005), the added mass and drag
coefficients are assumed to be one in this study.

The landslide and earthquake sources of the tsunami were simulated
separately using linear models; then, these models were superimposed
to form the simulation from the combined earthquake-landslide tsu-
nami source. Heidarzadeh et al. (2016a) showed that linear and

116

nonlinear tsunami simulations produce the same results at the coastal
tide gauges, before inundation stage where nonlinearity is small. As the
dimensions of our proposed landslide mechanism (length and width of
10 km and sea surface projection of ~25km) are several times larger
than the water depth (~1000m) in this study, application of the
shallow water model is justified (e.g. Synolakis et al., 2002; Synolakis
and Kanoglu, 2015). This method has successfully reproduced the ac-
tual tsunami observations from the 1998 Papua New Guinea (PNG) dual
earthquake-landslide tsunami by Heidarzadeh and Satake (2015a).
Tsunami modeling is not sensitive to the timing of the earthquake
rupture because tsunamis travel approximately 20-100 times slower
than seismic waves (Heidarzadeh et al., 2016b).

Dispersion of landslide-generated waves has been reported in pre-
vious studies (Ren et al., 2015). Glimsdal et al. (2013) presented the
parameter T which determines the degree of wave dispersion:

6h°L
T=
/13

€8]

in which h is water depth at the source region, 1 is source length (or
wavelength) and L is the distance from source region to the shore.
According to Glimsdal et al. (2013), dispersion effect is negligible for
7 < 0.01 and it becomes significant for 7 > 0.1. For our landslide sce-
narios 3 and 4, we have: 1 = 10 km (Table 1), L = 0 — 10 km (Fig. 3)
and h=0-1000m (Fig. 3). Therefore, v~ 0.005 (by assuming
L = 5km and h = 500 m) which indicates dispersion effects can be ig-
nored in our study justifying application of nonlinear shallow water
equations.
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Fig. 4. a): Bathymetry of Kaikoura Canyon along with the one-month aftershocks (circles). The data are from the Geological hazard information for New Zealand
(GeoNet) and the Global Centroid-Moment-Tensor (CMT) Project. Two dashed circles show two regions of major offshore aftershock activities. b): Magnitude-time

plot of the aftershocks during the first 1 h following the mainshock.

4. Potential landslide locations and triggering mechanisms
offshore Kaikoura

The pre-earthquake marine geology of the Kaikoura Canyon is well
described (Lewis and Barnes, 1999; Walters et al., 2006; Mountjoy
et al., 2018) and several seabed features support a significant potential
for submarine landslides. The Canyon cuts across the shelf, almost
reaching the coast of Kaikoura (Fig. 4a and S2), so that water depths
close offshore increase rapidly seaward, with steep gradients of ap-
proximately 45° (Fig. S2). Around 5km offshore, water depths reach
1000 m (Fig. 4a and S2). Here, a large deposit of unstable or slumped
seabed material located at a deeply incised canyon head region was
identified by Lewis and Barnes (1999). Walters et al. (2006) studied
tsunamigenic landslides within the Kaikoura Canyon, and their nu-
merical modeling of landslide scenarios at shallow water depths (less
than 100 m) gave an initial wave of up to 13 m (Walters et al., 2006).
After the 2016 Kaikoura earthquake, marine surveys in the Kaikoura
Canyon head, identified major landslides triggered by the 2016 earth-
quake (Massey et al., 2018; Mountjoy et al., 2018). Comparison of the
before and after bathymetry in the Canyon reveals that the total net
erosion volume of sediment removed from the canyon floor was
0.94km?>, a figure which does not include sediment shed from the
canyon walls. Farther north off of North Island, (north of latitude 42°S),
post-earthquake seismic data reveals vertical seabed fault movement,
and seabed coring sampled turbidity currents from submarine land-
slides (Tangaroa TAN1613 Voyage Report: https://www.niwa.co.nz/
static/web/Vessels/TAN1613-Voyage-Report_Hikurangi-Subduction-

Zone-web.pdf).

There are two regions of intense aftershock activity offshore of the
Kaikoura earthquake epicenter (Fig. 4a; dashed Circles A and B). The
northern circle is where Hamling et al. (2017) identified the offshore
fault rupture. The second cluster of offshore aftershocks is located near
Kaikoura, in the vicinity of the Kaikoura Canyon (Circle B; Fig. 4a). The
intense seismic activity offshore of Kaikoura has the potential to trigger
submarine landslide as it is within the Kaikoura Canyon. Magnitude-
time plot (Fig. 4b) shows that several moderate-size earthquakes (Mw
5-6) occurred within the first hour following the main shock. The
seismic data from the local network (e.g. GeoNet) may help to identify
the seismic signature of potential submarine landslides (e.g. Synolakis
et al., 2002).

5. Results of numerical modeling

Simulation results of 18 LSs are presented in Fig. 5 and S3. The LSs
located to the northeast of Kaikoura in shallower water depths of
~1000m (LS-3 and LS-4 in Figs. 5 and 6 and S3) result in waves with
amplitudes and periods comparable to those recorded at tide gauges.
The other landslide scenarios at water depths of ~1500-2000 m pro-
duce very short-period waves (e.g. LS 1-2 and 5-8 in Fig. 5 and S3).
Several authors have shown that tsunami periods are directly correlated
to the water depth of the source (Watts et al., 2003; Fritz et al., 2004;
Geist et al., 2009; Satake et al., 2013): the shallower the water depth,
the longer the period of the generated waves.

The earthquake-generated waveforms (Fig. 6a) were superimposed
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on those generated by the landslides (Fig. 6b) to produce tsunami si-
mulations from a combined (dual) source (Fig. 6¢). To reproduce the
short-period, large peak tsunami wave at Kaikoura for LS-3 and LS-4
(Figs. 1b and 6¢), we found that the landslide required triggering ~10
and ~ 20 min after the earthquake, respectively, based on the timing of
the narrow peak in the Kaikoura record. The wavelet analysis by
Heidarzadeh and Satake (2017b) also revealed an approximately
20 min delay in the arrival of the short-period waves of the 2016 Kai-
koura tsunami. A delay in landslide triggering has been found at other
dual tsunami source events, such as the well documented 13-15 min
delay for the landslide part of the 1998 Papua New Guinea tsunami
(Okal, 1999; Tappin et al., 2001; Synolakis et al., 2002; Heidarzadeh
and Satake, 2015a). The occurrence of several medium-size magnitude
aftershocks (M 5-6) within 30 min of the 2016 Kaikoura main shock
(Fig. 4b) supports these as a potential triggering mechanism. The plot of
NRMS misfits for various landslide scenarios (Fig. 6d) yields minimum
misfits of 1.01 and 1.03 for LS-3 and LS-4, respectively. The NRMS
misfits from our final landslide source scenarios (LS-3 and LS-4 in
Fig. 6¢) are close to that from the inversion-based tsunami source model
of Gusman et al. (2018) (green line in Fig. 6¢ and d).

From our numerical simulations of the various dual-source
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scenarios, we consider the most likely location of the submarine land-
slide source is at a water depth of ~1000m on the slope of the
Kaikoura Canyon, within the area of intense aftershock-activity, off-
shore Kaikoura (LS-3 and LS-4 in Fig. 6b and Circle B in Fig. 4a). Based
on the numerical results, we identify the zone shown by Box A in Fig. 6b
(longitude: 173.7-174.3°E; latitude: 42.6-42.15°S) as the most likely
landslide zone. The dimensions of this landslide source are length,
10 km; width, 10 km; and thickness, 150-175m resulting in a slide
volume of 4.5-5.2km? (Fig. 6¢ and Table 1). The landslide-generated
waveforms (Fig. 5b) show typical behavior generally expected from
confined landslide sources: first, they are large in the near field (i.e.
large amplitudes at Kaikoura) and rapidly lose amplitude farther from
the source region (i.e. small amplitudes in Sumner and Wellington); and
second, the landslide waveforms contain few large peaks which dis-
appear rapidly as seen in the simulated waveforms at Kaikoura
(Fig. 5b).

Comparison of observed and simulated runup heights (Fig. 7) sup-
ports that a narrow-focused landslide source can successfully reproduce
the peak tsunami runup of 7 m observed in Kaikoura. The two purely-
tectonic sources of Hamling et al. (2017) and Gusman et al. (2018) were
unable to reproduce such large runup heights in Kaiokoura (Fig. 1c).
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Fourier analyses of the various waveforms (i.e. observations, purely-

tectonic, purely-landslide and combined sources) are shown in Fig. 8.
As expected, landslide-generated waves mainly contribute to spectral

energy at periods < 7 min due to their confined source dimensions. The

6. Discussions

spectral energy for the combined source is noticeably increased at

periods < 7 min while it is almost same as that of the purely-tectonic
source for periods > 7 min (Fig. 8). Such effects are not seen at the
Wellington station as it is located within a semi-enclosed bay where
bathymetric features mostly filter the landslide-generated short-period

41 ticle.)

Power et al., 2017) for (a) the purely-tectonic
source, (b) the purely-landslide source, and (c)
(earthquake-landslide)

source. OBS and SIM stand for Observations and
Simulations, respectively. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this ar-

waves before reaching there (Heidarzadeh and Satake, 2017b).

Although the occurrence of a plate-interface rupture is likely during
the Kaikoura event (Duputel and Rivera, 2017; Hollinsworth et al.,
2017), the state-of-the-art knowledge on earthquake source process
does not allow such a plate-interface rupture to be precisely located.

The plate-interface rupture components of Hamling et al. (2017) and
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Bai et al. (2017) are distanced ~ 50 km, with the former located fully
on land while the latter is partly offshore. Several authors (e.g.
Heidarzadeh et al., 2016b, 2017a, b; Gusman et al., 2015, Lay et al.,
2014) have shown that seismic inversions are sensitive to the choice of
rupture velocity (Vr). Because of this, rupture location can vary up to
tens of kilometers.

In addition to large and concentrated runup height of 7m in
Kaikoura, another patch of concentrated measured runup of ~4m is
observed around the latitude of 43.66 °S while simulations result in a
runup value of ~0.5m (Fig. 7, black line). It is possible that another
submarine landslide has contributed to the elevated runup here. As
intensive landslide activities were reported following the Kaikoura
earthquake with thousands of landslides mapped in post-event field
surveys, such a scenario looks possible. We note that based on the
modeling results from 18 landslide scenarios (Fig. 3, Fig. S3), it is clear
that the landslide scenario proposed offshore Kaikoura (LS-3, Fig. 6¢)
cannot be extended to cover the latitude of 43.66 °S because, if we
expand it, the resulting waveforms will not match the observed wave-
forms (Fig. S3). In other words, to reproduce the runup of 4 m around
the latitude of 43.66 °S, another isolated landslide scenario is required
with dimensions potentially smaller than our LS-3. Therefore, two
isolated landslide sources will be required to match the observed runup
distribution. An example for occurrences of several isolated submarine
landslides following an earthquake, which contributed to elevated
runup heights in several locations, is the 1956 Amorgos (Greece) event
(Okal et al., 2009). The elevated runup heights at several locations
following the 1956 tsunami were explained by addition of several iso-
lated landslide sources to the tectonic source of the earthquake by Okal
et al. (2009).

The novelty of our dual model over published source model (e.g.
Gusman et al., 2018; Hamling et al., 2017) is that it reproduces the
observed runup data whereas other source models failed. The other
studies are based on the common practice and well-established method
of seismic/tsunami waveform inversions which matches the observed
point waveforms using a least-square or similar optimization techni-
ques. This technique is very strong, but it needs a suitable number of
observation points to accurately map the earthquake source char-
acteristics. Especially, this method may not result in accurate enough
source models if a landslide is involved because landslide-generated
water waves travel short distances and thus a scattered observation
network may miss them; and landsides produce almost trivial seismic
waves and hence there will be almost no trace of them on the seismic
observation network. In fact, this study highlights the importance of
considering observed runup data for earthquake source studies through
runup inversions.
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7. Conclusions

To explain the large and concentrated runup height of 7 m near
Kaikoura following the 2016 tsunami, we propose a dual, submarine
landslide-earthquake mechanism, rather than a previously-proposed
offshore plate-interface rupture. Our dual tsunami source consists of the
earthquake source of Hamling et al. (2017) and a theoretical landslide
source located offshore Kaikoura. The main findings are:

1) Notwithstanding, the uncertainty over an offshore plate-interface
rupture and its location, a submarine landslide offers a viable al-
ternative. By numerical simulations of dual sources (the earthquake
model of Hamling et al., 2017 and a submarine landslide), we suc-
cessfully reproduced the near-field tsunami tide gauge record in
Kaikoura as well as the observed runup height of 7 m.

2) Landslide dimensions and locations are: length = 10km;
width = 10 km; thickness = 150-175 m; and location:
173.7-174.3°E (longitude), 42.6-42.15°S (latitude). The volume of
the landslide is 4.5-5.2km® The landslide source is delayed
10-20 min compared to the earthquake origin time. The volume of
the landslide agrees, to first order, with eroded sediment volumes
calculated for landslides triggered by the earthquake, from before
and after field surveys, where these are available.

3) Our dual source proposed here is consistent with tsunami wave-
forms and field runup data. Our dual model reproduces the seismic
observations too, because the earthquake component of the dual
source was validated with these data and the landslide component
does not produce significant seismic signature on the seismic net-
work. The novelty of our dual model over published source model is
that it reproduces the field runup data whereas other source models
fail.

4) This study highlights the importance of considering observed runup
data for earthquake/tsunami source studies through runup inver-
sions. While seismic/tsunami waveform inversions are commonly
used for earthquake source studies, we showed that accurate source
models can be achieved by both runup inversion and seismic/tsu-
nami waveform inversions, especially if a landslide is involved.
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