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The distribution of slip during an earthquake and how it propagates among faults in the subduction
system play a major role in seismic and tsunami hazards, yet they are poorly understood because
offshore observations are often lacking. Here we derive the slip distribution and rupture evolution during
the 2016 My, 7.9 Kaikoura (New Zealand) earthquake that reconcile the surface rupture, space geodetic
measurements, seismological and tsunami waveform records. We use twelve fault segments, with eleven
in the crust and one on the megathrust interface, to model the geodetic data and match the major
features of the complex surface ruptures. Our modeling result indicates that a large portion of the
moment is distributed on the subduction interface, making a significant contribution to the far field
surface deformation and teleseismic body waves. The inclusion of local strong motion and teleseismic
waveform data in the joint inversion reveals a unilateral rupture towards northeast with a relatively low
averaged rupture speed of ~1.5 km/s. The first 30 s of the rupture took place on the crustal faults with
oblique slip motion and jumped between fault segments that have large differences in strike and dip. The
peak moment release occurred at ~65 s, corresponding to simultaneous rupture of both plate interface
and the overlying splay faults with rake angle changes progressively from thrust to strike-slip. The slip on
the Papatea fault produced more than 2 m of offshore uplift, making a major contribution to the tsunami
at the Kaikoura station, while the northeastern end of the rupture can explain the main features at
the Wellington station. Our inversions and simulations illuminate complex up-dip rupture behavior that
should be taken into consideration in both seismic and tsunami hazard assessment. The extreme complex
rupture behavior also brings new challenges to the earthquake dynamic simulations and understanding

the physics of earthquakes.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction and inset) is located at the southern end of the subducting sys-
tem (Barker et al., 2009; Eberhart-Phillips and Bannister, 2010;
Williams et al., 2013). The 2016 Kaikoura earthquake was not
unexpected, given its plate boundary location and the historical
seismicity, yet it exhibited exceptional complexity. This complexity
was initially reflected by the significant non-double-couple cen-
troid moment tensor (CMT) solutions from the USGS (USGS, 2016)
and GCMT (Ekstrom et al., 2012) (Fig. 1). Subsequently, field and
aerial observations and satellite radar images acquired immediately
after the earthquake showed that the quake produced one of the
most complex surface ruptures ever recorded (Clark et al., 2017,
Litchfield et al., 2017; Stirling et al., 2017). Although the epicen-

At 12:03 am local time, on November 14th, 2016, a moment
magnitude (M) 7.8 (USGS) earthquake struck the Kaikoura region
of South Island, New Zealand. The earthquake occurred at a com-
plicated portion of the Australian-Pacific plate boundary, where
the motion between the two plates decreases southwestward, and
the azimuth changes from trench-normal to trench-parallel along
the 3000 km southward-developing subduction system (Litchfield
et al., 2014) (Fig. 1 inset). The epicenter of the earthquake (Fig. 1a
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ter is ~50 km inland from the coast, the accompanying tsunami
caused up to 5 m of run-ups at Goose Bay, on the Bank Penin-
sula, to the south of the epicenter and was well recorded by
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Fig. 1. Setting and surface ruptures of the Kaikoura earthquake. The inset in a shows a simplified plate boundary of New Zealand, with arrows representing the relative
motion of the Pacific Plate with respect to the Australian Plate derived from the NUVEL 1A model (Argus and Gordon, 1991), the numbers next to the arrows show the plate
motion rates in mm/yr. The Marlborough Fault System includes four major faults with names in black. The gray circles show aftershocks with moments larger than 3 within
one week after the main shock. Focal mechanisms of earthquakes with magnitudes larger than 6 are from global CMT (Ekstrom et al., 2012). b shows image offsets along the
satellite’s direction of motion derived from ALOS-2 data. Warm colors represent southward movement. ¢ shows image offsets in the satellite line-of-sight direction derived
from Sentinal-1 data. Warm color indicate mainly uplift. The mapped ruptures are: 1 - Humps fault, 2 - Leader fault, 3 - Hundalee fault, 4 - Stone Jug fault, 5 - Whites
fault, 6 — Upper Kowhai fault, 7 - Jordan Thrust fault, 8a — Kekerengu fault (SW), 8b - Kekerengu fault (NE), 9 — Needles fault, 10 - Papatea fault, 11 - Hope fault, 12 -
Fidget fault, 13 - London Hills fault. The fault traces are based on Langridge et al. (2016), Litchfield et al. (2014).

many tide gauges located along the east coast of New Zealand
(Lane et al, 2017; Power et al., 2017) (Fig. S1). The seismic and
tsunami hazard due to such a complex rupture cannot be faithfully
characterized based on a more typical single-fault rupture scenario
(Hamling et al., 2017; Shi et al., 2017).

Dense geodetic measurements and strong motion seismome-
ters onshore provided valuable near-field observations to study slip
partitioning in the up-dip portion of the subduction system, as
the coastline is particularly close to the trench (<50 km). Pre-
liminary seismological analysis shows that the mechanism of the
mainshock was oblique thrust (Kaiser et al., 2017). Hamling et al.
(2017) derived a static slip model with more than 10 fault seg-
ments using GPS and InSAR data. The surface displacement can
be fitted reasonably well from their preferred model with most
of the slip occurred on crustal faults, yet they have difficulties in
simulating the observed tsunami waveforms. This is partially be-
cause they did not use a fault segment for the Papatea fault as
they considered the associated deformation was inelastic and they
could not fit it. Hollingsworth et al. (2017) used optical satellite
imagery and teleseismic data to analyze the earthquake rupture
process. Their rupture model, which was derived with only seismic
data assuming a two-segment fault geometry, shows a source du-
ration of ~100 s with unilateral rupture to the northeast and most
of the slip occurring on the subduction interface. Their model is
similar to the result of multiple-point source models derived from
the long-period teleseismic data (Duputel and Rivera, 2017), and
the result from the back-projection analysis (Zhang et al., 2017).
Combining teleseismic seismological and tsunami records, Bai et al.
(2017) and Furlong and Herman (2017) propose that the megath-

rust fault accounts for a major source of the tsunami. Among the
published models, the seismological and tsunami modeling pre-
fer the involvement of the slip on the subduction interface, while
geodetic data and field observations prefer shallow crustal faulting
as the dominating mechanism for this event. By jointly inverting
seismological and geodetic data, Cesca et al. (2017) derive a three-
fault-segment model with large slip occurred on a shallow dipping
thrust fault connecting two shallow strike-slip faults. They inter-
pret this thrust fault as a crustal fault rather than the interface
based on the depth distribution of relocated aftershocks, which
are mostly above this thrust fault. Previous studies have been hith-
erto limited to only one or two types of datasets, however, to date,
there is no rupture model that can completely reconcile all avail-
able datasets. Here we exploit all available datasets from near-field
to far-field and both static and dynamic observations, to draw a
complete picture of the slip initiation, propagation and distribu-
tion during this extraordinary event. From our rupture model, we
explain how the interaction of the subduction interface at depth
and the overlying faults produced the abrupt coastal uplift, which
triggered the tsunami that hit the coastal area.

2. Three-dimensional coseismic displacement

We mapped ruptures and derived high-resolution three-dimen-
sional (3D) coseismic displacement, using synthetic aperture radar
(SAR) images from eight independent tracks (Fig. S1 and Ta-
ble S1) acquired from the Japanese ALOS-2 and European Sentinel-
1A/B satellites. To map the ruptures, we calculated pixel offsets
of SAR images by tracking amplitude features between pre- and
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Fig. 2. Three-dimensional coseismic displacement. a. Displacement derived by combining Sentinel-1A/B and ALOS-2 SAR image offsets and plotted with GPS data. Significant
ruptures are in black. The inset shows the magnitude of total surface displacement. b and ¢ show vertical displacement along profiles AA’ (inland) and BB’ (coast), respectively.
The orange line in b shows the topography along profile AA’. d shows the topography within a 1 km-wide swath along profile BB'. Red dashed lines in ¢ and d show locations

where the profiles intersect surface ruptures.

post-earthquake images, and then calculated the 3D displacement
by combining SAR image offsets from five independent tracks
with the highest quality (Fig. S1, see supplement for more de-
tails). Discontinuities in the pixel-offset data allow us to identify
more than 20 surface ruptures, thirteen of which are consistent
with available field observations by the Institute of Geological
and Nuclear Sciences (GNS) in New Zealand (Clark et al., 2017;
Litchfield et al., 2017; Stirling et al., 2017) (Fig. 1). The mapped
surface ruptures and the 3D displacements reveal that the rupture
propagated among numerous fault segments with a wide range of
orientations (from approximately parallel to the plate motion to
perpendicular to the plate motion), dip angles (from nearly vertical
to ~45°) and slip styles (strike-slip, thrust and normal faulting),
thus exhibiting, arguably, the most complex rupture behaviors ever
recorded in a single event (Hamling et al., 2017; Shi et al., 2017;
Kaiser et al.,, 2017).

Examination of the SAR imagery reveals that the largest hori-
zontal displacement at the surface occurred on the northern por-
tion of the Kekerengu fault, while the largest uplift occurred south
of the Jordan Thrust fault (Fig. 2a). To the north of the Kekerengu
fault, the slip was predominantly a smoothly-varying right-lateral
horizontal motion with up to 4 m of uplift. As we move from
west to the east, the strike of the horizontal motion gradually
rotates from almost parallel to the WSW-directed plate motion,
to parallel to the NE-striking Kekerengu fault, and finally to par-
allel to the NNE-striking offshore Needles fault (Litchfield et al.,
2014). The vertical deformation along profile AA’ (Fig. 2b) to the
northwest of the main rupture area exhibits a bell-shaped uplift
pattern with width of ~100 km in the east, followed by slight
subsidence in the west (Fig. 2b). The uplift along this profile cor-
responds to a region with low topography, while the subsidence
occurred in an area of relatively high topography (Fig. 2b), rep-

resenting a vertical displacement pattern observed during some
megathrust earthquakes, e.g., the 2011 My, 9.0 Tohoku earthquake
in Japan (Takada and Fukushima, 2013) and the 2015 M,, 7.8
Gorkha earthquake in Nepal (Avouac et al., 2015; Elliott et al.,
2016). In contrast, surface displacements farther to the southeast
are much more complex (BB’ profile in Fig. 2c). To the west of the
Papatea fault, a 15-by-100-km? area was uplifted and segmented
by many previously unidentified NW-SE-orientated faults, forming
at least three major blocks. The largest uplift (~8 m) occurred
within the easternmost block at the triple-junction that connects
the Jordan Thrust, the Kekerengu and the Papatea faults. The BB’
profile also shows that the vertical displacement rapidly decreases
away from the rupture (Fig. 2c), very different from the pattern to
the north (Fig. 2b). Along the coast, the vertical displacement pat-
tern is broadly correlated with the topography, where mountain
ranges with a series of high peaks can be found (Fig. 2d), sug-
gesting repeated coseismic uplifts during historical events. Similar
geomorphic signatures have been documented along the east coast
to the north (Mountjoy and Barnes, 2011).

The observed surface displacement is highly unusual in sev-
eral respects. Firstly, the earthquake initiated from the Humps
fault (closest to the epicenter) (Kaiser et al., 2017) rather than the
fastest-slipping Hope fault that is just 10 km to the north and ac-
commodates about half of the relative plate motion (Langridge et
al,, 2016; Van Dissen and Yeats, 1991). The rupture then prop-
agated towards the northeast, activating several faults that are
perpendicular to the Hope fault, again rather than the Hope fault
itself (Hamling et al., 2017; Shi et al., 2017; Kaiser et al., 2017).
Secondly, surface ruptures are highly segmented with large gaps
(~15 km wide) between rupture segments, such as between the
Humps and Hundalee faults, and between the Whites fault and
the Upper Kowhai fault (Hamling et al., 2017; Shi et al., 2017;
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Litchfield et al., 2017) (Fig. 1). Thirdly, surface motions across sev-
eral faults cannot be explained by any strike-slip, reverse or normal
faulting mechanism alone. For example, both the hanging wall and
the foot wall of the Jordan Thrust fault were uplifted during the
earthquake, with the foot wall uplifted more than the hanging
wall. Additionally, a ~4 m uplift took place south of the Hope fault
with little horizontal motion, though the Hope fault is predom-
inately a strike-slip fault that dips almost vertically (Van Dissen
and Yeats, 1991). Finally, the vertical displacements are positively
correlated with topography along the coast but are negatively cor-
related with topography farther inland (Fig. 2b-d), suggesting op-
posite coseismic contributions to the shaping of the Earth’s surface.

3. Finite rupture process

To better understand such a complex coseismic displacement
pattern, we derived a finite rupture model that reconciles most
of the seismic and geodetic datasets (see supplement for more
details). We used rectangular fault segments to approximate the
ruptured faults, and divided each fault segment into smaller fault
patches. We first conducted a static inversion using the geode-
tic data, to determine the fault geometry and slip distribution.
Taking into account the geologic setting (Langridge et al.,, 2016;
Litchfield et al., 2014; Van Dissen and Yeats, 1991), surface rup-
ture geometry constrained from GNS field observations (Clark et
al., 2017; Litchfield et al., 2017; Stirling et al., 2017) and our high-
resolution geodetic data (GPS and SAR imagery), we chose 12 fault
segments to approximate this complex earthquake. We determined
the average strike and dip of these 12 segments from previous
geological studies (Langridge et al., 2016; Litchfield et al., 2014;
Van Dissen and Yeats, 1991), and adjusted those parameters by
trial-and-error tests to minimize the misfit between modeled and
observed coseismic displacement. The preferred fault segment ge-
ometry can be found in the Table S2. To model the geodetic data,
particularly the far-field observations, we have to place a 25° dip-
ping fault segment beneath the rupture area where the subduction
interface was clearly imaged by seismic reflection data and seis-
micity (Barker et al., 2009; Williams et al., 2013). We tested model
configurations with and without slip on the plate interface (Fig. 3b,
Segment S). Our tests indicate that model fits are significantly im-
proved with the inclusion of slip on the plate interface, especially
in the fit of the far-field static GPS data (Fig. 4a and Fig. S5). Slip
on the shallow crustal faults primarily contributed to the near-field
displacement, best derived from SAR imagery (Fig. 4b).

With fault geometry determined by geodetic and geologic data,
we then resolved the timing of the rupture on each segment by
jointly inverting the geodetic measurements, local strong motion
and teleseismic P and SH-waves. We parameterized the model as
the distribution of slip (characterized by rake and magnitude of
slip on each subfault), the rupture velocity and the rise time (Ji
et al.,, 2002). Our preferred joint inversion model yields excellent
fits to the geodetic data (Fig. 4, Fig. S2), teleseismic waveform
(Fig. S3) and strong motion data (Fig. S4). The total moment of the
joint inversion model is 1.04 x 102! Nm (M,, 7.94), calculated by
summing the contribution from each fault segment. The equivalent
moment tensor (Fig. 3a) is almost identical with the W-phase from
USGS (USGS, 2016) and GCMT (Ekstrom et al., 2012) solutions, ex-
cept that our moment magnitude is slightly larger, which is not
unexpected given that a finite fault model has a more detailed
slip distribution than the point source CMT solutions. Moreover,
early afterslip is included in SAR images and campaign GPS data,
which were acquired a few days after the earthquake (Hamling
et al., 2017). The decomposition of the contribution from differ-
ent fault segments to the moment tensor (Fig. 3a) again indicates
that complex fault geometry and rupture processes on both the
plate interface and overlying faults are required to produce such a
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Fig. 3. Slip model derived from teleseismic, strong-motion and geodetic data. a.
Moment-rate function of the joint inversion model (black line); blue and red col-
ors indicate the contribution from the rupture on the plate interface and overlying
faults, respectively. The decomposition of the equivalent moment tensor is shown to
the right, along with W-phase and GCTM solutions. b-c. Map views of the slip dis-
tributions for fault segments 1-10 and segment S. d. Depth profiles of slip distribu-
tion of 12 fault segments. The hypocenter is indicated by the red star in segment 1.
The contours show the rupture time relative to the origin time.

strong non-double-couple component in the CMT solution. In our
preferred slip model, almost half (~45%) of the total moment was
released on the subduction interface, distributed mostly beneath
the Kekerengu and the Jordan Thrust faults (Fig. 3c).

The joint inversion model shows that rupture initiated with a
strike-slip motion at 15 km depth on the Humps fault, dipping
80° to the north (Fig. 3, fault segment 1), and unilaterally prop-
agated to the northeast. The rupture on this segment ended with
a transpressional motion with peak slip of ~8 m, resulting in a
major contribution to the uplift south of the Hope fault (Fig. 2a).
About 15 s after the event started, the rupture propagated to the
Hundalee fault, and two previously un-identified faults (fault seg-
ments 2-4). The slip magnitudes on these fault segments were rel-
atively small, with characteristic transpressional motion. Between
22 s and 35 s after the beginning of the event, the rupture passed
through an unknown SW-NE strike-slip fault (fault segment 5), and
then ruptured the upper Kowhai fault (fault segment 6). At about
40 s into the event, rupture on the shallower-dipping (45°) Jordan
Thrust fault (fault segment 7) was triggered; note that the motion
of this fault segment in our model is almost pure thrust, consistent
with the geological observations (Van Dissen and Yeats, 1991). The
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rupture on the Papatea fault (fault segment 10) took place at al-
most the same time of the rupture on the Jordan Thrust fault (fault
segment 7), producing the largest uplift during the earthquake
(Fig. 4b). The rupture then propagated to the Kekerengu fault (fault
segments 8a and 8b) with dip angles steepening from 60° to 70°,
while the style of slip progressively transformed from pure thrust
to pure strike-slip. The peak moment release on these high-dipping
angle strike-slip fault segments occurred at about 65 s, coinci-
dent with the largest slip of about 15 m on the Kekerengu fault
(fault segment 8a). This model result corresponds to the largest
horizontal offset (>11 m) observed both in the field and in the
geodetic data on this fault (Clark et al., 2017; Hamling et al., 2017,
Litchfield et al., 2017). Below these shallow crustal faults, rupture
on the plate interface was triggered about 20 s after the event
began and propagated unilaterally northeastward along the coast.
Large slip on the interface (Fig. 3 fault segment S) occurred be-
neath the Jordan Thrust fault and extended about 60 km, parallel
to the rupture on the shallow crustal faults. More interestingly,
the fault motion on the interface also presents a progressive trans-
formation from pure thrust (beneath the upper Kowhai fault and
Jordan Thrust fault, fault segment 7) to almost pure strike-slip
(beneath the Kekerengu fault, fault segment 6). The moment-rate
function peaks at 65 s, with simultaneous maximum contribu-
tions from the plate interface and shallow crustal faults (Fig. 3a).
The consistency of the spatial distribution and the moment-rate
function between the shallow crustal fault and the plate interface
indicates that the shallow crustal fault system is attached to the
plate interface, likely splaying off the subducting slab.

Evidence of coseismic rupture on both the shallow crustal faults
and the plate interface also come from teleseismic and strong mo-
tion data, as these datasets have different sensitivity owing to their
different sampling of the radiated seismic energy (Fig. S6). The
relative contributions of slip along the plate interface and the over-
lying faults (Fig. 5) show that the rupture on the plate interface
mainly contributed to the largest pulse in the teleseismic P waves
at ~70 s, while the shallower ruptures contributed more in fitting
the first 40 s of teleseismic P-waves and the local strong motion

waveforms. The difference in the amplitude ratio between the first
40 s and the peak amplitude (at ~70 s) in the teleseismic P-waves
(e.g. PMSA vs. COCO station in Fig. 5) also indicates that the ra-
diation pattern at the beginning of the rupture is different from
that during the peak rupture, requiring a complex fault geome-
try and rupture (Wei et al., 2011). The averaged rupture speed of
the earthquake is determined in a grid search manner (Fig. S7),
which shows a preferred value of ~1.5 km/s, in agreement with
the back-projection results (Zhang et al., 2017). The slow averaged
rupture speed also implies complex triggering between fault seg-
ments, in contrast to super-shear rupture events that usually show
much simpler fault geometries (Bouchon and Vallee, 2003). The
extremely complex geometry and time evolution of the Kaikoura
earthquake challenge our understanding of the physics of earth-
quake ruptures. The surface rupture is highly segmented, particu-
larly in the region near the epicenter where several rupture gaps
are up to 15 km wide (Fig. 1 and 6), much larger than are usu-
ally found in other observations (Wesnousky, 2006) and dynamic
modeling of strike-slip fault (Harris and Day, 1999) or megathrust
earthquakes (Qiu et al., 2016). This observation clearly demon-
strates difficulty in understanding how rupture jumps from one
fault to another within extreme complex fault systems.

Comparing with published models derived from geodetic data
(e.g., Hamling et al., 2017), our model has much more slip on the
subduction plate interfaces; this feature is consistent with some
models derived from seismological data (e.g., Hollingsworth et al.,
2017; Duputel and Rivera, 2017; Bai et al.,, 2017). Our model can
also predict the abrupt uplift produced by the Papatea fault, which
has not been reproduced in other published models. In addition to
reproducing the complicated surface displacement, our model can
also explain major features in both the strong motion and teleseis-
mic waves. Moreover, our model successfully predicts the tsunami
waveforms (Fig. 5¢). While Bai et al. (2017) and Furlong and Her-
man (2017) attributed the tsunami sources to the shallow slip on
the megathrust, our simulations indicate that the faults splay off
from the subduction interface caused the uplift and contributed
mostly to the tsunami sources. Our joint analysis shows that ana-
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lyzing a single or incomplete datasets may not have enough res-
olution to achieve a comprehensive understanding of an earth-
quake, particularly for an extreme event like the Kaikoura earth
quake.

Nevertheless, we still could not exclude the possibility that the
slip occurred on the Kekerengu fault and Jordan Thrust fault with
a possible listric plane connecting to the plate interface or to a
shear zone above the interface. Such a scenario has been recently
proposed by Cesca et al. (2017). They use a three-segment finite
fault model to fit the seismological and geodetic data, and sug-
gest that large portion of the slip occurred on a crustal thrust fault
kinematically connecting the overlying strike-slip faults, which is
similar to our fault segment representing the interface but about 5
km shallower. They claim that no slip on the interface is required
as they find that relocated thrust-faulting aftershocks mostly oc-
curred above the slab (Cesca et al., 2017). But this interpretation
cannot exclude the possibility that the strain on the plate inter-
face has been released during the mainshock with aftershocks oc-
curred in a shear zone slightly above the interface. Resolving the
5-km depth differences between our model and theirs would re-
quire more detailed analysis and will properly subject to stronger
non-uniqueness in the solution. This is because the sensitivity of
geodetic data decreases very fast with depth and nearby seismic
observations are insufficient to determine earthquake locations and
mechanisms to the resolution that is needed. Different interpreta-
tions using similar datasets demonstrated the non-uniqueness of
finite fault model inversions. In a follow-up study, we may bet-
ter resolve the fault geometry and rheology beneath the northern
South Island by probing characteristics of the postseismic deforma-
tion.

4. Discussion and conclusions

Simultaneous rupturing of the subduction interface and its
splay faults (Fig. 6) explains the highly-segmented uplift pattern
along the coast, which may result from the slip partitioning among
the high-dipping angle splay faults (Fig. 6). During the earthquake,
the block bounded by two fault systems parallel to the coast was
likely squeezed out by the oblique westward slip south of the
Kekerengu fault (Fig. 2a). When the mini-block south of the Jor-
dan Thrust fault and the upper Kowhai fault was extruded by the
westward motion (Figs. 2a and 6), the slip was partitioned into
uplifting and southeastward motion between the Kaikoura Penin-
sula and the Papatea fault (Fig. 2a). By contrast, the region near
the Hope fault shows minor horizontal motion, but only uplifting
to the south. This is because of the nearly fault-perpendicular up-
dip thrust along its subvertical fault plane. The southward motion
between the Papatea and Kekerengu Faults can be explained by
the shallow northwest-dipping (~45°) of the Jordan Thrust fault
during the extrusion, but it can be alternatively interpreted as a
result of thrust faulting occurred offshore (Clark et al., 2017). Dis-
tinguishing these two kinds of models will need evidence from
seafloor surveys after the earthquake. The vertical coastal displace-
ment pattern demonstrates that geomorphological features in a
single event, such as stepped river terraces, can be overprinted on

= Sinistral; - Dextral; _._Reverse]
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Fig. 6. A cartoon showing the proposed 3D configuration of the subduction interface and overlying faults. The beach ball indicates the hypocenter of the mainshock and the
yellow star shows the epicenter location. Light red and gray planes show right-lateral faults that are generally parallel to the coastline with near-vertical geometry. Light
purple and green planes show high-angle reverse faults that splay off the interface. The interaction among these faults caused their near simultaneous rupture during the
Kaikoura earthquake. Note that the horizontal and vertical planes are not on the same scale.
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smooth vertical displacement produced by slip on the subduction
interface. Such overprinted deformation driven by aforementioned
simultaneous rupture slip within a complex multi-splay fault sys-
tem will significantly change how the coastal uplift rate is inter-
preted.

The pattern of vertical displacement changed the coastal land-
scape and also caused spatial variations in the amplitude of the
tsunami. We used the vertical deformation predicted by our joint
inversion model to simulate tsunami waveforms at four tide gauge
stations (Fig. S1). To first order, the simulation results fit well in
both the timing and the shape of the recorded tsunami waveforms
at the Kaikoura and Wellington stations (Fig. 5c). Particularly, as
the abrupt vertical motion associated with the Papatea fault is
closest to the ocean, it plays the largest role in generating the off-
shore uplift and the distribution of tsunami waveforms (Fig. 4b
and Fig. S8). The decomposition of the contribution from the Pap-
atea and other faults also shows that the first 20-minute negative
pulse at the Kaikoura station is well reproduced due to the up-
lift caused by the Papatea fault, and that rupture to the northeast
contributed more to the tsunami waves recorded at the Wellington
station (Fig. 5¢).

Our analysis reveals simultaneous rupture of the plate in-
terface and overlying faults with various dip angles during the
2016 Kaikoura earthquake event. Our interpretation is supported
by comprehensive datasets comprising rupture geometry, space
geodesy, seismograms and tsunami waveform records. The joint
inversion of geodetic and seismic waveform data shows that the
largest moment release took place about 65 s after the beginning
of the rupture, corresponding to simultaneous rupture on both the
subduction interface and the upper crustal splay faults. Our model
successfully predicted the tsunami waveform records in directions
both away and towards the rupture, demonstrating that ruptur-
ing the splay faults can enhance vertical displacements along the
coast, and therefore may generate more energetic tsunamis dur-
ing megathrust earthquakes than those only rupturing the plate
interface. Therefore, retrieving the location and geometry of faults
overlying the subduction interface may improve early warning and
characterization of tsunami hazard.
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