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The M 7.8 Kaikoura earthquake occurred in the northern South Island of New Zealand on 3 Nov., 2016, involving
the rupture of >20 faults. To understand the complexity of the Kaikoura earthquake, details of the fault ge-
ometry, seismic velocity distribution, and stress field are necessary. We have undertaken seismic tomography
along the c. 200 km length of the rupture zone. Data from both 51 temporary stations and 22 permanent
(GeoNet) stations were collected from March 2011 to December 2018.

The hypocenter of the Kaikoura earthquake and aftershocks near the Kekerengu fault locate along lineaments
where seismic velocity changes laterally in the epicentral region. In the uppermost crust, lower velocities occur
beneath the Emu Plain and Cape Campbell. A higher velocity region near Kaikoura may have acted as a barrier
that prevented eastward rupture from the hypocenter and led to the complex fault distribution in this area. These
complexities in the seismic velocity structure may relate to the multi-segment rupture character of the Kaikoura
earthquake. Spatial correlations between rupture areas and high Vp/Vs suggest the involvement of overpressured
fluid in the nucleation and propagation of rupture segments, which is also supported by the reactivation of
unfavourably oriented strike-slip ruptures, many lying at c¢.70° to the regional maximum compressive stress
trajectories.

1. Introduction

The M 7.8 Kaikoura earthquake occurred in the northern South Is-
land of New Zealand on 3 Nov., 2016 (Fig. 1). New Zealand is located at
the plate boundary between the Pacific plate and the Australian plate.
The northern South Island is a transition zone between a subduction
plate boundary in the north and a strike-slip plate boundary in the south,
and complex crustal deformation occurs there (e.g., Wallace et al., 2012;
Okada et al., 2019). In the region southeast of the Alpine-Wairau fault,
the major right-lateral strike-slip fault in the South Island, there are NE-
SW structures sub-parallel to the Alpine-Wairau fault system, including
the Awatere, Clarence, Kekerengu, and Hope faults (Figs. 1 and 2).
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Historic faults have been identified as having been ruptured by earth-
quakes that produced lateral displacement, such as the 1848 M7.5
earthquake along the Awatere fault, and the 1888 M7.0-7.3 and the
1929 M7.1 earthquakes along the Hope fault. Secondary thrusts have
also occurred, especially in the vicinity of the Kaikoura Mountains in the
eastern coastal region of the Island (Van Dissen and Yeats, 1991).
From previous studies (e.g., Litchfield et al., 2018; Little et al., 2018;
Nicol et al., 2018), the progression of the Kaikoura earthquake is sum-
marized as follows, and names of the following faults are shown in Fig. 3
(b): Initiation of the Kaikoura earthquake occurred at the Humps West
fault in the Northern Canterbury Domain (NCD) near the western end of
a set of >20 faults that ruptured in the event. Slip propagated eastward
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unilaterally to the Humps East fault and the Leader fault. Slip also
occurred on the Conway-Charwell fault and the Stone Jug fault, which
have different strike orientations. Slip propagated eastward on the
Hundalee fault and the offshore Point Kean fault. Around the Kaikoura
Peninsula, the Whites fault also ruptured. Then, slip propagated to the
northeast on the Marlborough fault system; e.g., the Upper Kowhai fault,
the Manakau fault, the Jordan thrust, and the Kekerengu fault. Slip on
the Hope fault was limited to small fault patches. Along the NE-SW
striking Kekerengu - Needles fault and the Jordan thrust, horizontal
displacement (<10 m) predominated. Faults west (the Fidget) and east
(the Papatea) from the Kekerengu fault also slipped. Slip extended
offshore on the Needles fault and some small onshore faults (the Light-
house fault, the Cape Campbell Road fault, and the Marfells Beach fault),
then the slip process stopped, and did not extend to other faults (e.g., the
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Boo Boo fault) south of Cook Strait.

The seismic deformation had a transpressional character combining
thrusting and dextral strike-slip. Reverse slip occurred on faults in the
NCD south of the Hope fault and dextral slip dominated in the Marl-
borough faults, although some variations occurred (e.g., large vertical
slip on the Papatea fault).

Hamling et al. (2017) constructed a multi-fault model from geodetic
data (GNSS and InSAR), the surface trace of the coseismic rupture, and
coastal uplift data. The multi-fault rupture was also shown by multiple
aftershock alignments (e.g., Lanza et al., 2019; Kawamura et al., 2021).
Lanza et al. (2019) used the double-difference hypocenter location
technique for their temporay seismic network and found connectivity of
the faults of the 2016 Kaikoura earthquake from the aftershock distri-
bution. Chamberlain et al. (2021) further refined the aftershock
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Fig. 1. Tectonic setting: Major Holocene-active fault structures in relation to plate boundary kinematics, the southern termination of the Hikurangi Trench, depth
contours on the subducting Pacific slab (from Williams et al., 2013), the course of the Buller River (blue), the inferred contemporary stress field, and the epicentres of
large historic earthquakes. Grey bold line denotes the trace of the Wannamaker et al. (2009) magnetotelluric transect. (after Okada et al., 2019). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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locations and seismicity before the mainshock by using matched-filter north or northwest of Kaikoura Peninsula. Bai et al. (2017) estimated
techniques. Kawamura et al. (2021) used the double-difference hypo- coseismic slip of up to 6 m on the plate interface by tsunami waveform
center location technique for their temporary seismic network (Okada modeling with a location similar to that of Hamling et al. (2017). In a
et al., 2019), and found over nine faults (aftershock alignments) from different interpretation, Cesca et al. (2017) used joint inversion of
the aftershock distribution. Note that the amount of slip on the sub- seismic and geodetic data to propose a model with a deep thrust fault
ducted plate interface is still under debate. Using geodetic data, Hamling connecting the shallow faults. Postseismic slip following the Kaikoura
et al. (2017) estimated coseismic slip of up to 4 m on the plate interface earthquake was assumed to occur on the plate interface (e.g., Wallace
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Fig. 2. Tectonic setting: Map of the northern South Island of New Zealand illustrating the crustal geology of the contrasting Buller-Nelson and Marlborough seis-
motectonic provinces respectively NW and SE of the Alpine-Wairau fault, delineating the principal basement units and the cover sedimentary basins in relation to

major fault structures. (after Okada et al., 2019).
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et al., 2018).

This multi-fault rupture can be tectonically and physically explained.
Van Dissen and Yeats (1991) find a low slip rate along the Hope fault at
its eastern end (~10 km), with displacement transferred to the Jordan
thrust and other faults such as the Kekerengu fault to the northeast. This
slip transfer is also supported by GNSS observations (Wallace et al.,
2012). Lamb et al. (2018) suggest that locking on the subduction
interface caused the multi-fault rupture of the Kaikoura earthquake.
Matsuno et al. (2022) obtained the slip tendency of each fault by using
stress tensor inversion results and found a high slip tendency on the
western initial fault (the Humps West) and some of other southwestern
sub-faults, and low slip tendency on the northern end fault (the Needles)
and some of the other northeastern sub-faults. Dynamic rupture
modeling can explain the slip propagation process (e.g., Ando and
Kaneko, 2018) from the initiation to the end of rupture, but the effect of
fluid pressure was not considered in the modeling.

After the earthquake, changes in water levels in wellbores
throughout New Zealand were observed (Weaver et al., 2019). Seismic
velocity drops of up to 0.5% in the uppermost 2.5 km were observed
immediately after the earthquake in the Kaikoura area using ambient
noise analysis (Madley et al., 2022), but temporal changes in seismic
anisotropy were not resolved in the region (Graham et al., 2020).

Spatial correlation of seismic velocity structure with the size and
complexity of earthquakes has been observed for earthquakes in several
other places (e.g., Japan; Okada et al., 2007, 2012; Shito et al., 2017 and
California; Eberhart-Phillips and Michael, 1993, 1998). In some cases,
the lateral extent of a seismic low-velocity area coincides with the
aftershock area, suggesting that an area of high fluid content may con-
trol the extent of aftershocks in a multi-fault process (Okada et al.,
2007). In other cases, high velocity regions correspond to regions of high
slip (Okada et al., 2012; Eberhart-Phillips and Michael, 1993, 1998), or
of earthquake rupture initiation (Shito et al., 2017). These observations
may be explained by larger specific fracture energy (or larger cohesion)
in lower deformation and damaged areas with higher seismic velocities
(e.g., Aki, 1979). Such areas are expected to store large strains and act as
large slip areas (asperities) when they rupture. Additionally, slip
behavior is controlled not only by frictional strength but also by medium
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stiffness (e.g., Ruina, 1983): The higher the seismic wave velocity, i.e.,
the higher the stiffness, the more difficult it is for the slip to be unstable.
Thus, if the strength and/or stability of the area is too great to allow
rupture during an earthquake, seismic high-velocity and high-strength/
stability area may act as a barrier that stops an earthquake rupture
extension (e.g., Aki, 1979).

To further understand the relationship between crustal structure and
complex ruptures, it is valuable to obtain the fine structure of the
aftershock distribution and three-dimensional velocity structure by
using data from a dense seismic station network. Eberhart-Phillips and
Bannister (2010) and Eberhart-Phillips et al. (2010) used regional and
short-term temporary network seismic data, but we desire to re-
determine the seismic velocity structure using data from the 2016 Kai-
koura earthquake. Okada et al. (2019) used data from the same seismic
network as this study, but the aftershock data that they used was only
from the routinely operated stations of the GeoNet and was not well
enough located to discuss the relationship between the seismic velocity
structure and the Kaikoura earthquake. Heath et al. (2022) used data
from the same seismic network as this study, including aftershock data
from the Kaikoura earthquake. They adopted a conventional tomogra-
phy method, but a double-difference procedure could improve both the
velocity model and the aftershock locations (Waldhauser and Ellsworth,
2000; Zhang and Thurber, 2003, 2006).

Thus, we have undertaken simultaneous determination of three-
dimensional seismic velocity structure and absolute and relative hypo-
center relocation along the c. 200 km length of the Kaikoura earthquake
rupture zone. We used double-difference seismic tomography with data
from a dense network of temporary and permanent seismic stations.
Based on our results, we examine the complex hypocenter distribution
and compare it with a fault model, features of the seismic velocity dis-
tribution that correlate with the spatial extent of total rupture, and some
seismic velocity anomalies in and around the Kaikoura peninsula where
the most complex rupture occurred during the Kaikoura earthquake.

2. Data and method

Data from both temporary stations (Okada et al., 2019; Lanza et al.,
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2019) and GeoNet stations were collected from March 2011 to
December 2018. Earthquakes are from the GeoNet catalog (GNS Science,
2023a, 2023b). GeoNet is a nationwide geophysical observation
network in New Zealand. We combine the data set of Okada et al. (2019)
with additional arrival time data at temporary stations for aftershocks of
the Kaikoura earthquake. We assume no temporal change in the velocity
structure before or after the 2016 Kaikoura earthquake, because the
reported temporal change was very small (< 0.5%) and limited to the
uppermost layer (Madley et al., 2022). The total number of earthquakes
used in this analysis is 14,805. Fig. 3 shows the locations of stations and
earthquakes used in this study.

Hypocenter locations and the three-dimensional velocity structure
were determined using the double-difference tomography method of
Zhang and Thurber (2003, 2006). In the double-difference tomography
method, we use both absolute arrival times and differential travel times
to obtain absolute and relative locations of earthquakes, solving for the
three-dimensional seismic velocity structure simultaneously. In this
case, we inverted for Vp and Vs, and Vp/Vs was inferred from the Vp and
Vs models. The number of absolute times for P and S waves are 495,111
and 319,493, respectively. In this analysis, we used manually and
automatically picked arrival times by the method of Horiuchi et al.
(1992), which is mainly based on the autoregression model. We used
manually picked arrival times of 765 earthquakes with magnitudes
greater than about 2.5, which were used in Matsuno et al. (2022). We
used automatically picked arrival times of other smaller earthquakes.
The estimated uncertainties of arrival times which were automatically
picked with Horiuchi’s method, were 0.08 s and 0.19 s for P-wave and S-
wave, respectively. We applied these uncertainties when we did the
checkerboard resolution test. Differential times were calculated for
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event pairs at an average of 4.6 km offset. The numbers of differential
travel times for P and S waves are 4,698,311 and 2,961,261, respec-
tively. The initial seismic velocity structure for seismic velocity to-
mography is from the New Zealand nation-wide velocity model by
Eberhart-Phillips et al. (2010), which was derived from seismic to-
mography studies at regional scale. We used a grid with an interval of 20
km horizontally and depth nodes at —1, 3, 8, 15, 23, 30, 38, 48, 65, 85,
105, 130, 155, 185, and 225 km depth. The horizontal grid interval was
determined through the checkboard test. The vertical grid was the same
as Eberhart-Phillips et al. (2010). The initial seismic velocity at each grid
was resampled from Eberhart-Phillips et al. (2010). The smoothing pa-
rameters were determined as 600 for Vp and 20 for Vs so that the ob-
tained seismic velocity structure has a stable Vp/Vs resolution. The
damping factors were determined so that the appropriate condition
numbers (about 40 to 80; c.f., Waldhauser, 2001) for being a well-
conditioned damped least square problem during the inversion are ob-
tained. The parameter set for the double-difference tomography is
shown in Tables S1 and S2.

Arrival time RMS is reduced from 0.98 s to 0.22 s with the revised
velocity model (Fig. S1). Fig. 4 (and Figs. S2 and S3) show the results of a
checkerboard resolution test. For the test, we added Gaussian random
noise with a standard deviation of 0.08 s for the P-wave and 0.19 s for
the S-wave, which correspond to the arrival time uncertainties by the
automated picking, to all the true arrival times. The checkerboard res-
olution test was done for Vp and Vs, and Vp/Vs was inferred from Vp and
Vs using the same procedure for the real data. We used a checkerboard
pattern with a perturbation of + — 5% for the P-wave and — + (opposite
sign for P-wave) for S-wave, respectively. We obtained a Vp/Vs structure
that is reliable at a scale of about 20-40 km based on the checkerboard
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Fig. 5. Cross-sections of Vp (km/s); (a) through the hypocenter of the Kaikoura earthquake, which is shown by a white star, (b) NE of the hypocenter of the Kaikoura
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through the Kekerengu area and (g) through the Needles fault. In (a), the white star denotes the hypocenter of the Kaikoura earthquake. Black and white dots denote
earthquakes before and after the Kaikoura earthquake, respectively. The sand colored line shows the plate interface of Williams et al. (2013). White and red boxes
near the surface are the locations of major faults and the surface traces of coseismic rupture from the New Zealand Active Fault Database, GNS Science (2021),
respectively; Wr: Wairau, Aw: Awatere, Cl: Clarence, H: Hope, CC: Conway-Charwell, SJ: Stone Jog, HE: the Humps East, Fg: Fidget, Mk: Manukau, UK: Upper
Kowhai, Kk-JT: Kekerengu-Jordan Thrust, Pa: Papatea, Lh: London Hill, Lt: Lighthouse, Ne: Needles fault. The lighter shading area below the black line represents the
area that is least well-resolved in the tomographic inversion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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test. The checkerboard resolution test showed the arrival uncertainties
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3. Results

did not significantly bias the result. The pattern was recovered in the

aftershock area, even along the coastline. We obtained images in the
eastern coastal area by including source-receiver pairs with ray paths
along the shoreline with various lengths, although some smearing

occurred for the offshore area.
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As the surface fault distribution, seismic velocity structure and
aftershock distribution change laterally through the focal area, we show
cross-sections, approximately normal to the main faults from the hy-

pocenter of the Kaikoura earthquake to the northern end of the rupture
area. Fig. 5 shows vertical cross-sections of the tomography result for
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Fig. 6. (continued).

Vp. We also show the aftershock distribution determined by the double-
difference relocations while revising the three-dimensional seismic ve-
locity structure. We estimated the location uncertainties by the differ-
ences between the true locations and the obtained locations in the
checkerboard resolution (reconstruction) test (c.f., Zhang and Thurber,
2003), yielding an average value of about 0.30 km horizontally and
0.63 km vertically. Most aftershocks are above a depth of about 20 km
and are shallower than the plate interface of Williams et al. (2013). Most
are also distributed in a Vp range of 5 km/s to 6 km/s.

Seismic high-velocity zones are observed below the Williams et al.
(2013) plate interface for multiple cross-sections of Fig. 5. These seismic
high-velocity zones likely correspond with the subducted Pacific Plate.
We also see some slab seismicity below the plate interface.

Fig. 5 (a) is the cross-section through the hypocenter of the Kaikoura
earthquake. The hypocenter is located beneath the northern margin of a
basin-like low velocity uppermost layer.

The cross-section near the Conway-Charwell fault is shown in Fig. 5
(b). Aftershocks are distributed below the low velocity uppermost layer.

Near the Hundalee fault, aftershocks are distributed southeast of the
low velocity uppermost layer (Fig. 5 (c)).

Near Kaikoura, the shallowest low-velocity region is not as extensive
(Fig. 5 (d)). Most aftershocks are located at depths <20 km and are ~5
km shallower than the subduction interface of Williams et al. (2013).

Fig. 5 (e) shows the cross-section across the Jordan thrust and along
the Papatea fault. The shallowest low-velocity region is not as deep in
this area, in particular, in and around the Jordan thrust or Kekerengu
fault.

The cross-section across the Kekerengu fault is shown in Fig. 5(f).
Aftershocks near the Kekerengu fault locate where the thickness of the
shallowest low seismic velocity region changes laterally.

The shallowest low-velocity area is very broad near the Needles fault
(Fig. 5 (8)-

Vertical cross-sections of the aftershock distribution from SW to NE,
i.e., from the hypocenter to the northern end of the entire rupture area,
are shown in Fig. 6, along with the focal mechanisms by Matsuno et al.
(2022). We show the fault model of Hamling et al. (2017), which is one
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of the most referenced fault models of the Kaikoura earthquake, at each
cross-section for reference. In Fig. S4, we also compared the model of
Mouslopoulou et al. (2019) for an additional reference. Matsuno et al.
(2022) suggested that many of the aftershocks occurred off-fault, from
an analysis using the Kagan angle. Some of the focal mechanisms are
consistent with the corresponding fault, but others are not.

Fig. 6 (a) is the westernmost cross-section through the hypocenter of
the Kaikoura earthquake. Here, aftershock alignments near the Kaikoura
mainshock appear north- and northwestward-dipping and well-aligned
on the corresponding sub-fault (the Humps fault) of the Hamling et al.
(2017) model. Some of the aftershocks are consistent with a sub-fault by
Mouslopoulou et al. (2019) (Fig. S4 (a)).

East of the hypocenter,; the cross-section near the Conway-Charwell
fault shows a complex fault distribution (Fig. 6 (b)). There is a clear ENE-
WSW alignment of seismicity connecting the Humps East fault and the
Stone Jog fault. Focal mechanisms are also strike-slip and reverse types.
There are almost no aftershocks on the plate interface fault at a depth of
20 km to 30 km (Fig. S4 (b)).

Further east, Fig. 6 (¢) and (d) show the cross-sections near the
Hundalee fault. In Fig. 6 (c), aftershocks are distributed around the sub
faults corresponding to the Hundalee fault, but they suggest a shallower
dip and shallower cut-off at depth than the Hamling et al. (2017) model.
In Fig. 6 (d), some aftershocks are near the Whites fault. Many after-
shocks appear NW of the Hope fault. There are almost no aftershocks on
the plate interface fault at a depth of about 25 km (Fig. S4 (d)).

Near the Kaikoura Peninsula, the trend of the strikes of the fault and
the aftershock alignment changed anticlockwise from about ENE-WSW
to NE-SW(Fig. 6 (e), (f) and (g)). In Fig. 6 (e) and (f), onshore after-
shocks form clusters and are distributed around the Upper Kohwai fault,
the Manukau fault, and a few aftershocks occur beneath the Fidget fault.
Most focal mechanisms are right-lateral slip, assuming a NE-SW fault
plane. In Fig. 6 (g), offshore aftershocks are mainly distributed to the
west of the surface trace of the Point Kean fault (Clark et al., 2017) (or
the Kaikoura Peninsula fault), and on and around the Offshore Splay
Thrust Fault (OSTF) by Mouslopoulou et al. (2019) (Fig. S4 (g)).

About the central part of the entire rupture area, Fig. 6 (i) and (h)
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show the cross-sections across the Jordan thrust and along the Papatea
fault. One interesting alignment appears to be perpendicular to the
Jordan thrust or the Kekerengu fault and to the northwest extension of
the Papatea fault (Fig. 6 (i)). The aftershocks occurred in the southwest
(hanging wall side) of the surface trace of the Papatea fault. There is a
northwestward dipping aftershock distribution at the southern end of
the Papatea fault (Fig. 6 (h)). This distribution is on and around the
OSTF and the Papatea fault by Mouslopoulou et al. (2019) (Fig. S4 (h)).

Distinct slip occurred along the Kekerengu fault (e.g., Hamling et al.,
2017). Fig. 6(j) shows the cross-section across the Kekerengu fault. Most
focal mechanisms are right-lateral slip, assuming a NE-SW fault plane
(Fig. 6j). Aftershocks near the Kekerengu fault are distributed in an
alignment with northwestward dip and reasonably well-located on the
corresponding sub-fault of the Hamling et al. (2017) model, except that
they have a shallower dip (Fig. 6 (j)). The OSTF by Mouslopoulou et al.
(2019) extends to this cross-section but there are no aftershocks on or
around it (Fig. S5 (h)).

In the northern end of the entire rupture area, Fig. 6 (k) and (1) show
the cross-sections across the Needles fault. In Fig. 6 (k), some aftershocks
are distributed along the Needles fault. In Fig. 6 (1) (see also Fig. S5),
aftershocks are distributed northwest of the Needles faults, and along
the Lighthouse and London Hill faults. The aftershocks of the 2013 Lake
Grassmere earthquake are located at the northwestern margin of the
aftershock area of the 2016 Kaikoura earthquake.

In the uppermost crust, as shown in Fig. 7(a), lower velocities occur
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beneath the basins in Emu Plain and at Cape Campbell. In the western
end of the rupture area, the coseismic fault and aftershocks are
distributed at the northern margin of the low-Vp area. Higher velocities
over 5 km/s occur in and around Kaikoura, where there are mountains.

Fig. 7 (b) is the map view of Vp at a depth of 15 km. Higher velocity
of over 6 km/s can be seen approximately in and around Kaikoura. In
this higher velocity area, the aftershock distribution is complex and
forms many alignments.

Vp/Vs are inhomogeneously distributed as shown in Fig. 8, map
views of Vp/Vs at depths of 8, 15, 23, and 30 km. At a depth of 8 km,
distinct high Vp/Vs (> about 1.80) is present near the hypocenter, below
Kaikoura Peninsula, and below Cape Campbell. At a depth of 15 km,
distinct high Vp/Vs zones are observed below Kaikoura Peninsula and
below Cape Campbell. At a depth of 23 km (the middle to lower crust,
below the aftershock area), high Vp/Vs occurs not only near the hypo-
center but also along the northern part of the rupture zone up to Cape
Campbell. At a depth of 30 km, high Vp/Vs is seen below Kaikoura
Peninsula, below Cape Campbell, and west of the aftershock area, i.e.,
above the possible coseismic slip area on the plate interface (approxi-
mately from Hamling et al., 2017) and the postseismic slip area on the
plate interface (approximately from Wallace et al., 2018), although the
existence of coseismic slip on the plate interface is controversial (e.g.,
Cesca et al., 2017).

The inhomogenous distribution of Vp/Vs is seen in the cross-section
of Vp/Vs across the Kaikoura Peninsula (Fig. 9). In this area, high Vp/Vs
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Fig. 7. (a) Map view of Vp at a depth of 3 km. White and red lines denote surface trace of major faults and coseismic faults, respectively. Grey and black dots are the
earthquakes (M > 4.0) before and after the Kaikoura earthquake, respectively. Star denotes the epicenter of the mainshock. K: Kaikoura, B: Blenheim. A broken circle
denotes the approximate area of relatively high velocity (> about 5 km/s). (b) Map view of Vp at a depth of 16 km. A broken circle denotes the approximate area of
relatively high velocity (> about 6 km/s). (c) Satellite image. Red line denotes surface traces of active fault. (d) Shaded image of topography. Red lines denote surface
traces of active faults. (c) and (d) from the New Zealand Active Fault Database, GNS Science (2021). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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is apparent beneath the aftershock area and along the plate interface of
the subducted Pacific plate.

The selection of an adequate initial model is important for obtaining
a reliable seismic velocity structure by seismic tomography because the
inversion process is done iteratively from the initial model (e.g., Kissling
et al., 1994). In this case, we used the Eberhart-Phillips et al. (2010)
model as the adequate initial model in the study area. However, even if
we used a one-dimensional model as the initial model, the result was
similar to that from the original initial model. For example, high Vp/Vs
is seen beneath the aftershock area and along the plate interface of the
subducted Pacific plate (Fig. S6), although with less amplitude of
perturbation.

4. Discussion
4.1. The aftershock distribution

The observed complexities in the aftershock distribution show the
multi-fault rupture character of the Kaikoura earthquake. Similar to the
surface fault distribution, the seismic velocity structure and aftershock
distribution also show complex structure through the rupture area. Our
hypocenter distribution shows aftershock alignments similar to those
obtained by previous studies (e.g., Chamberlain et al., 2021; for
example, compare Fig. 5 with Fig. 6(e) in this study). From cross-
sections, the aftershock distribution is consistent with some aspects of
the fault models in previous studies (e.g., Hamling et al., 2017; Mous-
lopoulou et al., 2019), although there are also some discrepancies be-
tween them. We found many aftershocks have occurred off the co-
seismic faults. These off-fault aftershocks could be caused by the stress
disturbance by the mainshock rupture (e.g., Matsuno et al., 2022).
However, the deeper extent of the geodetically estimated co-seismic
rupture (deeper than 20 km in Fig. 6 a-f, i-1) than the depth extent of
the aftershocks (shallower than 20 km) is difficult to reconcile, although
this shallower cut-off depth of aftershocks may suggest a deeper extent
of aseismic slip just after the coseismic slip. It suggests the need for a re-
examination of fault structure and co-seismic slip distribution with
consideration of the aftershock distribution.

4.2. Vp distribution

In the entire focal area, the seismic velocity structure is laterally
variable. Some of the lateral variations can be interpreted using surface
geology. In the uppermost crust (Fig. 7 (a)), lower velocities (Vp < 4 km/
s) occur beneath the basins in Emu Plain and at Cape Campbell. This
lower velocity likely corresponds to a sedimentary layer that is thicker in
the basins, as shown in the cross-sections (Fig. 3). The higher crustal
velocity region (Vp > 5 km/s) surrounding these lower velocities
generally indicates the Marlborough basement terranes (Fig. 2). In
particular, the higher crustal velocity region near Kaikoura in Fig. 5 (d)
and (e) and Fig. 7 (a) and (b) is very interesting for considering the
rupture process of the mainshock. Aki (1979) proposed the barrier
concept for stopping an earthquake rupture. An example was the
southern end of the 1906 San Francisco earthquake, where a higher
seismic velocity area is observed. A similar high-velocity body was
found at the eastern end of the 2010-2011 Darfield-Christchurch
earthquake sequence (Reyners et al., 2013). They interpreted the high-
velocity body as a “strong basalt plug” under Banks Peninsula. In the
case of the 2016 Kaikoura earthquake, the rupture extended eastward
from the hypocenter, but, near the Kaikoura Peninsula, it turned
northeastward, and several short-length faults were ruptured. If the
higher crustal velocity region near Kaikoura is a stronger area compared
with the surrounding, the higher velocity area may have acted as a
barrier that discouraged eastward rupture from the hypocenter and led
to the complex slip distribution in this area.

In this study, we used regular gridding with a horizontal distance of
20 km. This grid is coarser than that used in Eberhart-Phillips et al.

13

Physics of the Earth and Planetary Interiors 348 (2024) 107155

(2010). Thus, the initial and final models in this study are smoother.
From the checkerboard test, we decided it was difficult to determine the
seismic velocity structure using a finer grid in the surrounding area of
the Kaikoura earthquake. This is caused by a limited distribution of
hypocenters, most of which are the aftershocks of the Kaikoura earth-
quake, and a sparse distribution of the stations. A finer structure can be
obtained in future studies e.g. if data from our temporary stations are
merged with that of Eberhart-Phillips et al. (2010).

4.3. Vp/Vs distribution

Our tomography results show that high Vp/Vs ratios below the
aftershock area in the middle to lower crust occurs not only around the
hypocenter but also along the northern part of the rupture zone. This
high Vp/Vs zone is narrower (about 20 km wide) than in previous
studies (about 50 km wide) (Eberhart-Phillips and Bannister, 2010;
Okada et al., 2019) and the spatial correlation with the aftershock dis-
tribution has become clearer.

The geology of the rupture zone is highly varied within the upper 5
km of the crust. It is comprised of a folded and faulted Tertiary succes-
sion of sedimentary strata and volcanics unconformably overlying a
composite basement made up of a complex mixture of deformed
Triassic-Cretaceous terranes (Rakaia, Pahau, Esk Head belt, etc.), all of
which were intruded by the Tapuaenuku mafic-ultramafic igneous
complex of mid- to late-Cretaceous age (Rattenbury et al., 2006). Mafic-
ultramafic igneous rocks have a high Poisson’s ratio and high Vp/Vs (e.
g. Christensen, 1996). The middle to deeper crustal geology likely in-
cludes higher metamorphic grade equivalents of the composite terrane
assemblage, as discussed by Eberhart-Phillips and Bannister (2010).
Thus, some of the high Vp/Vs anomalies might be interpreted in terms of
geology.

Fluid overpressure is another possible cause of high Vp/Vs anoma-
lies. For the continental crust, average Vp/Vs is 1.77, which corresponds
to average Poisson’s ratio of 0.265 (e.g., Christensen, 1996). An increase
of pore-fluid pressure to near-lithostatic pressure would cause strong
interconnectivity of pore fluid and increase Vp/Vs (e.g., Nur, 1972;
Takei, 2002). Regions with Vp/Vs > 1.80 are thus potentially fluid
overpressured. We note that the area of the Kaikoura earthquake has a
transpressional deformation character, with active deformation
combining thrusting and dextral strike-slip. Under the transpressional
deformation, local loading to failure is generally likely to be load-
strengthening where, as shear stress is increasing, the mean stress is
also rising so that pore-fluid pressure also increases under some condi-
tions (e.g., if pores are closed), contributing to lower effective normal
stress on potential faults (e.g., Sibson, 1991; Sibson, 1993).

Additionally, fluid is abundantly supplied by the circulation that is
caused by the plate subduction. Wannamaker et al. (2009); (see Fig. 1
for reference) found low electrical resistivity zone (which they termed
the A zone) beneath the Marlborough faults, including the area of the
hypocenter of the Kaikoura earthquake. Wannamaker et al. (2009)
suggest the origin of the A zone is dewatering from sediment, including
the dehydration of the clay to mica transition (100-180° C) (Peacock,
2003) on the subducted plate interface. The spatial variations of Vp/Vs
shown in this study might be caused by the distribution of subducted
sediment and the temperature distribution. Matsumoto et al. (2020)
found seismic reflectors below the aftershock area. These seismic re-
flectors could be fracture veins formed by overpressured fluids during
fault valve activity (e.g., Sibson, 1992). The existence of the high Vp/Vs
area with low electrical resistivity zone and seismic reflectors suggests
overpressured fluid in and beneath the focal area. Overpressured fluid
decreases effective normal stress and shear strength. Spatial correlation
between rupture areas and high Vp/Vs suggests the involvement of
overpressured fluid in the nucleation and propagation of rupture seg-
ments of the 2016 Kaikoura earthquake (e.g., Sibson, 2020).

The maximum horizontal stress direction is about N110E both before
and after the Kaikoura earthquake (Balfour et al., 2005; Sibson et al.,



T. Okada et al.

2012; Townend et al., 2012; Matsuno et al., 2022; Graham et al., 2020).
The involvement of overpressured fluid is also supported by the reac-
tivation of unfavourably oriented strike-slip ruptures, many lying at c.
70° to the regional maximum compressive stress trajectories (e.g., Sib-
son, 1990; Matsuno et al., 2022). Sibson (1990) proposed the fault-valve
hypothesis. Some of the fluids in the crust originate from the deep area,
e.g., the water dehydrated from the subducted plate. The existence of an
impermeable barrier, which is formed by hydrothermal deposition of
silicate minerals and sealing, raises fluid pressure beneath it, in some
cases reaching near lithostatic pressure. The high Vp/Vs areas we found
would suggest these overpressured fluids are present in and around the
focal area.

This overpressured fluid causes a reduction in the frictional strength
of the fault and triggers the earthquake. We note that damage on faults is
often considered when velocity changes after earthquakes. Whereas
isotropic velocity changed with time near the faults (Madley et al.,
2022), the changes were only on the order of 0.5%, lower than the
differences up to 10% that we measure between the high- and low-Vp/
Vs regions. Furthermore, the damage did not seem to affect the crack
orientations or abundance that could cause macroscopic Vp/Vs changes,
since neither the shear-wave splitting fast directions nor delay times
changed after the mainshock (Graham et al., 2020). Therefore, we dis-
count co-Kaikoura earthquake fault damage as the cause of the high Vp/
Vs anomalies observed in this study. But, fault damage accumulated in
the long-term by repetitive rupture (e.g., Sibson, 2003, Yukutake and
lio, 2017) may result in high Vp/Vs anomalies if overpressured fluid
exists in the fault damage zone as discussed in the previous paragraph.

Hamling et al. (2017) showed that the large compensated linear
vector dipole (CLVD) component was included in the total moment
tensor. The large CLVD component may suggest the tensile crack
opening caused by fluid migration, which triggered the co- and post-
seismic ruptures of the 2016 Kaikoura earthquake. (e.g., Vavrycuk,
2002).

We also found high Vp/Vs anomalies below the crust on and around
the subducted plate interface. At a depth of 20-50 km (Fig. 9), the
location of possible coseismic slip (Hamling et al., 2017) and afterslip
(Wallace et al., 2018; Yu et al., 2020) of the Kaikoura earthquake on the
plate interface roughly corresponds to a high Vp/Vs area along with the
interface and above the Pacific Plate. A similar example of a high Vp/Vs
anomalous area was seen at a depth of about 30 km along the source
area of low-frequency tremor (LFT) and slow slip earthquakes (SSE) in
the Nankai Trough subduction zone, SW Japan (e.g., Shelly et al., 2006).
Sibson (2017) suggested that low permeability seals within the sub-
duction interface shear zone could exist, which would increase the pore-
fluid pressure, and increase Vp/Vs. These high Vp/Vs zones around the
plate interface may indicate that high pore-fluid pressure promotes slip
on the plate interface.

5. Conclusions

We have carried out seismic velocity tomography in the rupture area
of the 2016 Kaikoura earthquake using data from temporary and per-
manent seismic networks. We obtained detailed models of the seismic
velocity structure and aftershock distribution of the earthquake.

The tomographic image with the precise aftershock distribution
shows the complexity of the 2016 Kaikoura earthquake. Details are as
follows: In the epicentral area of the Humps West fault, the aftershocks
are distributed at the northern margin of the Emu Plain, which is shown
as a thick near-surface layer with a low seismic velocity (Fig. 3). The
aftershock alignment is reasonably consistent with the geometry of the
corresponding sub-fault, although slip at a depth greater than the 20 km
maximum earthquake depth is estimated by the Hamling et al. (2017)
model. In the Kaikoura area (Fig. 6), the aftershocks are distributed
within a high-velocity area. In the inland Kaikoura area along with the
southern Jordan Thrust and nearby areas, the aftershocks form some
small clusters (Fig. 7). In the Kekerengu area (Fig. 8), the aftershocks are

14

Physics of the Earth and Planetary Interiors 348 (2024) 107155

distributed at the western margin of the coastal area. The aftershocks are
distributed in an alignment whose dip is shallower than the fault model.

A higher crustal velocity region is present near Kaikoura. This high-
velocity body may have acted as a barrier that discouraged eastward
rupture from the hypocenter and led to the complex fault distribution.

We found high Vp/Vs along the faults of the 2016 Kaikoura earth-
quake, and the plate interface where the afterslip occurred. The exis-
tence of high Vp/Vs suggests overpressured fluid promotes the
occurrence of the multi-fault rupture of the Kaikoura earthquake and its
afterslip.
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