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Abstract The 2016 M7.8 Kaikoura (New Zealand) earthquake struck the east coast of the northern
South Island, resulting in strong ground shaking and large surface fault slip. Since the earthquake was

well recorded by a local strong-motion seismic network, near-fault data may provide direct measurements
of dynamic parameters associated with the fault-weakening process. Here we estimate a proxy for
slip-weakening distance D.”, defined as double the fault-parallel displacement at the time of peak ground
velocity, from accelerograms recorded at a near-fault station. Three-component ground displacements
were recovered from the double numerical integration of accelerograms, and the corresponding final
displacements are validated against coseismic displacement from geodetic data. The estimated D" is 4.9 m
at seismic station KEKS located ~2.7 km from a segment of the Kekerengu fault where large surface fault
slip (~12 m) has been observed. The inferred D" is the largest value ever estimated from near-fault strong
motion data, yet it appears to follow the scaling of D, with final slip for several large strike-slip earthquakes.
The energy budget of the M7.8 Kaikoura earthquake inferred from the scaling of D, with final slip indicates
that a large amount of energy was dissipated by on- and off-fault inelastic deformation during the
propagation of the earthquake rupture, resulting in a slower average rupture speed (52.0 km/s).

Plain Language Summary Slip-weakening distance is a parameter controlling the evolution
of fault slip during an earthquake and is important for understanding rupture dynamics. However, it has
been debated how large slip-weakening distance is and whether it scales with fault slip. We present
evidence for large slip-weakening distance estimated from near-fault record of the recent magnitude

7.8 Kaikoura (New Zealand) earthquake. By examining seismic waveforms of the Kaikoura quake, we find
that the slip-weakening distance is about 5 m on a portion of the Kekerengu fault, the largest value ever
estimated directly from near-fault records. The large slip-weakening distance implies that a large amount
of energy was dissipated by on- and off-fault inelastic deformation during the propagation of earthquake
rupture, which may explain why the rupture propagation velocity of the Kaikoura quake was slower
than that of most crustal earthquakes.

1. Introduction

Fault weakening during the propagation of seismic rupture is a key process governing the earthquake rup-
ture dynamics and energy partitioning. One of the important parameters for characterizing a fault-weakening
process is the slip-weakening distance D,. In the framework of slip-weakening friction [Ida, 1972; Palmer and
Rice, 1973], the frictional strength of a fault decreases from the peak to residual level (referred to as break-
down strength drop) over slip-weakening distance D, (Figure 1a). The corresponding fracture energy, which
is the work done on the fault surface (the green area in Figure 1a), can be calculated by integrating the shear
stress up to D, [Tinti et al., 2005a]. Although slip-weakening distance has been measured in laboratory ana-
logue experiments [e.g., Ohnaka et al., 1987; Ohnaka, 2003], how large D, is and whether it scales with the
amount of coseismic slip are not well understood for real earthquakes.

Slip-weakening distance D, for large earthquakes can be inferred from inversion of seismic waveforms for the
source parameters [e.g., Ide and Takeo, 1997; Pulido and Irikura, 2000; Tinti et al., 2005a; Ruiz and Madariaga,
2011; Causse et al., 2014; Twardzik et al., 2014]. Based on kinematic inversion of fault slip for the 1995 M6.9
Kobe (Japan) earthquake, Ide and Takeo [1997] estimated D, from the spatiotemporal stress evolution on the
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Figure 1. (a) Linear slip-weakening friction law. The shear strength linearly decreases from its static strength z” to the
dynamic value ¢ over the characteristic fault slip distance D.. The initial shear stress z°, fracture energy G,, static stress
drop Ar, and breakdown strength drop Az are also indicated. (b) Slip distribution of a synthetic earthquake considered
by Problem TPV16 of the SCEC/USGS dynamic rupture code verification exercise [Harris et al., 2009]. The numerical
solution of Kaneko based on the spectral element method [Kaneko et al., 2008] is shown. Inverted triangles show
on-fault and off-fault (0.2 km away) station locations. An assumed heterogeneous prestress distribution on the fault
results in a heterogeneous fault slip distribution. The contours are plotted every 0.5 s. Star indicates the hypocenter.

(d) Evolution of slip and slip velocity at the on-fault station. (e) Displacement and particle velocity waveforms at the
off-fault station 0.2 km away from the fault. The technique developed by Mikumo et al. [2003] and Fukuyama and
Mikumo [2007] yields D! = 0.36 m and D/ = 0.54 m, which differ from the actual D, by 10% and 35%, respectively.

fault. More recently, Twardzik et al. [2014] applied dynamic inversion and inferred fault-weakening parameters
including D, from the waveforms of the 2004 M6.0 Parkfield (California) earthquake. However, it is generally
difficult to reliably constrain D, from inversion of seismic waveforms due to the usage of band-limited seismic
data [Guatteri and Spudich, 2000] or various trade-offs among dynamic parameters during the spatiotemporal
evolution of fault slip [Cocco et al., 2009; Goto and Sawada, 2010].

Mikumo et al. [2003] and Fukuyama and Mikumo [2007] proposed a method for estimating D, directly from
displacement and velocity waveforms recorded at a near-fault seismic station. This method is illustrated in
Figure 1, with the application to a synthetic strike-slip earthquake considered by the Southern California
Earthquake Center (SCEC)/U.S. Geological Survey (USGS) dynamic rupture code verification exercise [Harris
et al, 2009, 2011]. In the case of a vertical strike-slip fault, numerical models show that D/ defined as the
amount of fault-parallel slip at the time of the peak fault-parallel slip velocity, approximately coincides with
the actual D, on the fault (Figure 1d). In reality, seismic stations are not located exactly on the ruptured fault,
in which case, off-fault version D", defined as double the fault-parallel ground displacement at the time
of the peak fault-parallel velocity, can be used to roughly estimate D, on the fault (Figure 1e). The method
works reasonably well even for the case of a heterogeneous prestress distribution on a fault, which results in
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Figure 2. East-west horizontal displacement field derived from Sentinel-1A ascending (3-15 November 2016) and
descending (5 September to 16 November 2016) azimuth and range offsets [Hamling et al., 2017]. Black lines show the
location of mapped active faults [Langridge et al., 2016]. Inverted triangle is the location of strong-motion station KEKS.
The circle indicates equivalent displacement at a campaign GPS site with the measurement made a few days after the
M7.8 Kaikoura earthquake. Inset map shows the surface traces of ruptured faults (red lines) [Hamling et al., 2017] and
the epicenter of the M7.8 Kaikoura earthquake (black star).

nonuniform slip and rupture speeds (Figures 1b and 1c). The assumed D, is spatially uniform on the fault in
this example (Figure 1), whereas a heterogeneous distribution of D, likely introduces additional uncertainty
in the resulting D, estimate. For dip-slip faulting, the magnitudes of foot wall and hanging wall displacements
are not usually equal, and hence, near-fault records on both sides of the fault are needed to estimate D_”.

The above mentioned method has been applied to several large strike-slip earthquakes where near-fault
waveform records were available. For example, Fukuyama and Suzuki [2016] used waveforms recorded at sta-
tion KMMH16 located ~500 m from a fault ruptured during the 2016 M7.1 Kumamoto (Japan) earthquake
and obtained D" = 1.1 m. In the case of the 2002 M7.9 Denali (Alaska) earthquake, D" was estimated to be
~2.5 m at seismic station PS10 located about 3 km away from the fault [Fukuyama and Mikumo, 2007]. Since
these seismic stations are not located on the fault, one needs to consider the resolution distance over which
estimated D" is still related to the actual D, on the fault. Cruz-Atienza et al. [2009] investigated the accuracy
of D" estimates using numerical simulations of strike-slip earthquakes and concluded that for this method
to work reasonably well, the seismic station must be located within the resolution distance R, from the fault,
where R, is given by 0.8 times the wavelength at a breakdown frequency, defined as the reciprocal of the time
over which the stress decreases to the dynamic level. Recently, Galetzka et al. [2015] applied a similar method
relating the shape of a slip-rate time function to the characteristics of a friction law [Tinti et al., 2005b] and esti-
mated D, of ~5 m from waveforms at stations located ~10 km from a fault ruptured during the M7.8 Gorkha
(Nepal) earthquake. However, relatively large fracture energy associated with the large D, (which was esti-
mated only from the hanging wall seismic-station records) together with the peak slip of 6.5 m may not be
compatible with the fast rupture speed of ~3.3 km/s inferred for this earthquake.

The 13 November 2016 M7.8 Kaikdura earthquake in the northern South Island of New Zealand was well
recorded by a local network of strong motion sensors, providing an opportunity to estimate slip-weakening
distance from near-fault seismograms. Among those strong-motion sensors, station KEKS (latitude —41.95569°,

KANEKO ET AL.

KAIKOURA QUAKE’S SLIP-WEAKENING DISTANCE 3



@AG U Geophysical Research Letters 10.1002/2017GL073681

longitude 173.98141°, and elevation 339 m) is located ~2.7 km away from the surface trace of the Kekerengu
fault (Figure 2) where large (~12 m) dextral surface slip has been imaged by SAR (synthetic aperture radar)
data and identified by field observations [Hamling et al., 2017]. The station is equipped with Kinemetrics
FBA-ES-T force balance accelerometer (http://www.kinemetrics.com/p-87-EpiSensor-ES-T.aspx). A fault slip
model derived from the inversion of SAR, GPS, and field measurements suggests that the earthquake rup-
ture was complex involving at least 12 major fault segments with multiple focal mechanisms, extending over
~180 km from northern Canterbury to Cook Strait (Figure 2) [Hamling et al., 2017]. Despite the complexity,
the main asperity (i.e., an area of large fault slip) with slip of up to ~25 m appears to be concentrated on a
single, continuous fault network spanning across the Jordan Thrust, Kekerengu, and Needles faults, with pre-
dominately strike-slip motion in the upper ~10 km of the Kekerengu fault [Hamling et al., 2017]. Hence, the
near-fault seismic record may provide the first direct estimate of slip-weakening distance on a fault segment
with a significant (>10 m) amount of coseismic slip.

In this study, we examine near-fault seismograms at station KEKS close to the Kekerengu fault and estimate
slip-weakening parameter D_.” using the above mentioned method. We discuss the scaling of D.” with the
final slip, the corresponding fault-weakening parameters, and earthquake energy partitioning for the M7.8
Kaikoura quake.

2. Method

The accelerograms recorded at station KEKS were used to obtain ground displacement as follows: We first
corrected for the instrument response by multiplying the unfiltered acceleration by a constant value and con-
verted the digits to a physical measure (i.e., m/s?). To set the beginning of the waveform to zero, a constant
value is subtracted from each acceleration waveform. Next, the horizontal components of the acceleration
seismic record were rotated into fault-parallel (N241°) and fault-normal (N331°) components using the fault
strike at the closest point on the Kekerengu fault trace from station KEKS (Figure 2). We then numerically
integrated the acceleration waveforms in time and obtained velocity waveforms.

Figure 3 shows the three-component seismic velocity waveforms at station KEKS. While the vertical compo-
nent of the velocity waveform is reasonable, baseline drift can be seen in the horizontal components. Baseline
drift is commonly observed in waveforms recorded by near-field strong motion sensors, and the origin can
be attributed to either instrumental noise, often caused by the friction of spring in the sensor, or natural
distortions of ground likely due to tilting [e.g., Boore, 2001; Graizer, 2010; Van Houtte et al., 2017]. Since the
signal-to-noise ratio is high and station KEKS is at a “hard rock” site with V, 3,~1000 m/s [Kaiser et al., 2017a],
the distortion of the waveforms likely originated from ground tilt rather than instrumental noise. After care-
ful visual inspection of these waveforms, we assumed that the baseline drift was caused by ground tilt that
occurred at t = 64 s after the origin time (Figure 3). To correct for the baseline drift, a linear trend (a pur-
ple line in Figure 3), defined between the tilt start time and a quiet portion of the velocity trace sometime
after the strong shaking, was removed from the horizontal components of the velocity waveforms. We then
numerically integrated the velocity waveforms in time and obtained displacement waveforms (Figure 3).

As discussed in Graizer [2010], correcting for baseline drift is not a unique process especially when the cause is
not known and there is no other data (e.g., ground rotation) at the same site. To validate the double-integrated
displacements shown in Figure 3, we compare the final displacements to coseismic displacements derived
from SAR azimuth and range offsets at the location of station KEKS and the closest (~7 km away) campaign
GPS site (Figure 2). We find that the final vertical and east-west displacements agree well with those estimated
by SAR and GPS data (error $3%), whereas there is a larger difference in the north-south displacement for the
SAR data (error ~50%). SAR data are not generally sensitive to north-south ground deformation as it coincides
with the direction of moving satellites. Nevertheless, the fault-parallel component, which is used to estimate
slip-weakening distance, agrees reasonably well with the SAR and closest GPS data (errors $12%) (Figure 3).
Note that we did not correct for the frequency response of the strong-motion sensor. Since the acceleration
response at low frequency is flat and our focus is the near-fault displacement, the uncorrected high-frequency
response does not affect the present analysis.

In addition to station KEKS, waveforms at other near-fault seismic and high-rate GPS stations were also exam-
ined. However, these stations are either located more than 10 km away from the closest rupture fault or the
closest fault had dominant dip-slip motion inferred from a fault slip model [Hamling et al., 20171, and hence,
they are not discussed in this study.
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Figure 3. Three-component, unfiltered seismic velocity, and displacement waveforms at station KEKS recovered from
the acceleration waveforms. The time (t = 0) corresponds to the origin time of the M7.8 Kaikoura earthquake. Blue
square and red circle indicate coseismic displacement measured at a nearby campaign GPS site and estimated from SAR
(synthetic aperture radar) azimuth and range offset at the location of KEKS, respectively (Figure 2). The vertical red line
shows the error associated with the azimuth and range offsets.

3. Estimated D_” and Its Scaling With Final Slip

Following the method of Mikumo et al. [2003] and Fukuyama and Mikumo [2007], we measure the amount
of fault-parallel displacement at the time of the peak ground velocity, which is multiplied by the factor of
2 to obtain D_.” (Figure 4a). The estimated D.” is 4.9 m at station KEKS, which is quite large compared to
previous estimates of D" for other earthquakes. To assess the accuracy of the estimated D_.”, we calculate
the resolution distance given by R. = 0.8V,T_, where V is the shear wave velocity and T_ is the breakdown
time [Cruz-Atienza et al., 2009]. We assume that V, = 2390 m/s derived from the spatial average of V in the
upper 2 km of the local 3-D velocity model obtained by body wave tomography [Eberhart-Phillips et al., 2010].
The breakdown time T, = 5.5 s, which corresponds to a duration over which the displacement began to
increase rapidly until the time of the peak ground velocity (Figure 4a). This means that R, =0.8V,T,=10.5 km at
station KEKS, which is much larger than the distance from the station to the surface trace of the fault (~2.7 km).
Hence, the seismic station was located within the resolution distance, and the estimated D,/ may represent the
actual slip-weakening distance D, averaged over the upper few kilometers of the Kekerengu fault. As found
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the corresponding displacement, respectively. (b) Comparison between
D" and the final slip D estimated from near-fault ground-deformation
records during four large earthquakes. A purple line (D, =0.35D) shows

previous studies [Fukuyama and Mikumo,
2007; Fukuyama and Suzuki, 2016]. For the

a least squares fit to the data points. Two solid black lines are the final slip D of the Kaikoura earthquake,
upper and lower limits of D, (D =0.56D and D’ =0.27D) estimated we take double the final fault-parallel dis-
by Mikumo et al. [2003]. (c) The corresponding breakdown strength placement (D= 14 m), which agrees fairly

drop, Azt =7P — 79, assuming that the estimated D" are equal to

D, and the scaling of fracture energy with slip [Viesca and Garagash, well with the dextral surface offset (12 m)
2015] holds in these cases. reported from SAR offset and field obser-

vations [Hamling et al, 2017]. A least

squares fit of a line to data points shown
Figure 4b gives D’ = 0.35D. This apparent scaling of D.”” with the final slip indicates that the slip-weakening
distance D, is 30-50% of the final slip, as suggested by Mikumo et al. [2003] (two solid lines in Figure 4b).
The inferred scaling is also consistent with observational studies indicating that earthquake fracture energy
increases with the amount of fault slip [Abercrombie and Rice, 2005; Viesca and Garagash, 2015].
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Figure 5. Energy partitioning during the M7.8 Kaikoura earthquake
inferred from estimated fault-weakening parameters. Estimated
parameters including spatial averages of slip D, slip-weakening distance drop Az? =2G_/D. = 56 MPa. Note that
D,., static stress drop Az, and breakdown strength drop Az are qualitatively similar scaling laws for frac-
indicated. The striped region corresponds to available energy over the ture energy versus slip over a smaller slip
ruptured fault area AW, /A. A large portion of available energy may have
been dissipated as fracture energy, resulting in low radiation efficiency
(eff = 0.24) and slow earthquake rupture speed (2.0 km/s).

range (up to 6.5 m) were developed by
other investigators [Causse et al., 2014;
Nielsen et al., 2016; Cocco et al., 2016];
here we use the scaling law described in
Viesca and Garagash [2015] that extends
slip of up to ~20 m.

To assess the feasibility of the inferred breakdown strength drop, we calculate static stress drop for the largest
asperity close to station KEKS that spans across the Jordan Thrust, Kekerengu, and Needles fault segments in
the fault slip model of Hamling et al. [2017]. The shear stress changes were obtained assuming the point-source
dislocation solution of Okada [1992] in an elastic half-space. From the definition of so-called energy-based
stress drop [Noda et al., 2013], we obtain Az =36 MPa for the asperity, which is 64% of the inferred strength
drop. The relatively large strength drop of 56 MPa is reasonable because the static stress drop is also large
compared to those associated with the asperities of other large crustal earthquakes (Az ~ 10 MPa) [Irikura and
Miyake, 2011]. If the actual slip-weakening distance were much smaller, for example, D, = 1.0 m, then Arb
would be 300 MPa, much larger than the lithostatic normal stress in the upper 5 km which is unrealistic.

Applying the similar analysis to other earthquakes with previously estimated D,”” and D (Figure 4b), we infer
the corresponding breakdown strength drop Az®. Remarkably, Az? is relatively stable among events with dif-
ferent final slip and in the range of 56—-60 MPa except for the 2000 M6.6 Western Tottori (Japan) earthquake
that led to a large uncertainty in Az® (Figure 4c). The deviation of Az® for the the 2000 M6.6 Western Tottori
(Japan) earthquake may be attributed to difficulty in inferring the D, from D, with this method [Cruz-Atienza
etal, 2009]. Figure 4c indicates that while D, may be scale dependent, the breakdown strength drop is inde-
pendent of the final slip and slip-weakening distance, as proposed by the laboratory study of Ohnaka and
Shen [1999]. In addition, relatively large strength drop implies that the stress drop is nearly complete and the
residual shear stress is near zero for these events. Note that the assumed scaling of fracture energy versus slip
[Abercrombie and Rice, 2005; Viesca and Garagash, 2015] was derived from an average estimate of all the faults
ruptured during an earthquake, which can be quite different from punctual (or local) estimates [Cocco et al.,
2016] and lead to some uncertainty in the estimates of Az? shown in Figure 4c.

To further examine the implication of the large slip-weakening distance and the scaling of D,”” with slip D, we
consider an energy partitioning diagram of the Kaikoura earthquake, assuming that (i) the scaling D = 0.35D
(Figure 4b) applies to all the fault segments ruptured during the earthquake, (ii) slip-weakening distance D,
on individual faults are equal to D, (i.e., there is a distribution of D), and (iii) the scaling of fracture energy
with slip [Abercrombie and Rice, 2005; Viesca and Garagash, 2015] holds for individual fault segments. During
an earthquake, the stored elastic strain energy is partitioned into radiated energy, fracture energy, and heat
[Kostrov, 1974]. The radiation efficiency 54, defined as the ratio of the radiated energy E, to energy available
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for seismic wave radiation and dissipation AW,, is given by 5.« = Ez/AW,, where AW, = (1/2)AtDA, At is
the static stress drop, and D is the average slip over the rupture area A [Kanamori and Heaton, 2000; Rivera and
Kanamori, 2005]. Based on the slip distribution of Hamling et al. [2017] with the subduction interface, we cal-
culate average slip D=6.6 m, average slip-weakening distance D_C=0.355 = 2.3 m, average static stress drop
‘At =30 MPa, and average breakdown strength drop A_rb=ZG_C/D_C=66 MPa on all the fault patches with slip
>10% of the maximum slip. Then the radiation efficiency of the Kaikoura earthquake can be calculated from
an energy partitioning diagram constructed from estimated fault-weakening parameters (Figure 5). The avail-
able energy AW, (the striped triangle in Figure 5) is smaller than the radiated energy E, given by the difference
between the red areas marked by “plus” and “minus.” From the diagram, the corresponding radiation effi-
ciency 7.4 = 0.24, which is given by the ratio of E; to AW,. The relatively small n.4 implies that the average
rupture speed of the Kaikoura earthquake was slower than that of most crustal earthquakes (>2.5 km/s)
[Heaton, 1990; Yeet al., 2016]. Preliminary finite-fault source inversion for the Kaikoura earthquake [Kaiser et al.,
2017b] indicates that the average rupture speed was $2.0 km/s, which is consistent with the inferred small
radiation efficiency. The slow average rupture speed can be attributed to the fact that the Kaikoura earthquake
broke relatively young and immature faults [Wood et al., 1994; Yeats and Berryman, 1987], the process in which
the large amount of available energy may have been dissipated by on- and off-fault inelastic deformation.

5. Conclusions

Using near-fault seismic velocity and displacement waveforms associated with the 2016 M7.8 Kaikoura earth-
quake, we find that a proxy for the slip-weakening distance, Dé’ = 4.9 m at station KEKS, which is located
~2.7 km away from the Kekerengu fault. This slip-weakening distance D" is the largest value ever estimated
from near-fault seismic records. Our analysis of these waveforms concludes that station KEKS is located within
the resolution distance, suggesting that D may represent the actual slip-weakening distance D, on the
Kekerengu fault.

Our results further show that the estimated D_."” appears to follow the scaling of D.” with final slip for large
strike-slip earthquakes, while inferred breakdown strength drop remains roughly independent of D.” and
final slip. In addition, energy partitioning associated with the large slip-weakening distance indicates small
radiation efficiency (7.4 = 0.24) of the Kaikoura earthquake, consistent with a relatively slow average rupture
speed (2.0 km/s). This implies that a large amount of energy was dissipated by on- and off-fault inelas-
tic deformation during the propagation of the earthquake rupture. Inferred fault-weakening parameters
including slip-weakening distance and strength drop may be validated with well-calibrated dynamic rupture
simulations.
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