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aftershocks driven by a large distant earthquake (the November 2016 Mw7.8 Kaikoura earthquake).
By adopting a matched-filter detection workflow using 582 well-defined template events, we generate
an improved foreshock and aftershock catalog for the Te Araroa sequence (>8,000 earthquakes over
66 d). Templates characteristic of the My7.1 sequence (including the mainshock template) detect several

Keywords: highly correlating events (M2.5-3.5) starting 12 min after a Mw5.7 foreshock. These pre-cursory events
foreshocks occurred within ~1 km of the mainshock and migrate bilaterally, suggesting precursory slip was triggered
aftershocks by the foreshock on the My7.1 fault patch prior to mainshock failure. We extend our matched-filter
dynamic triggering routine to examine the interactions between high dynamic stresses resulting from passing surface waves
matched-filter of the November 2016 Mw7.8 Kaikoura earthquake, and the evolution of the Te Araroa aftershock
Hikurangi sequence. We observe a sudden spike in moment release of the aftershock sequence immediately
seismicity following peak dynamic Coulomb stresses of 50-150 kPa on the Mw7.1 fault plane. The triggered increase
in moment release culminated in a Mw5.1 event, immediately followed by a ~3 h temporal stress
shadow. Our observations document the preparatory period of a major subduction margin earthquake
following a significant foreshock, and quantify dynamic reinvigoration of a distant on-going major

aftershock sequence amid a period of temporal clustering of seismic activity in New Zealand.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction Application of the matched-filter (or waveform correlation)

method to aftershock sequences (e.g. Peng and Zhao, 2009) has

Large earthquakes are followed by aftershocks, the occurrence resulted in the retrospective detection of many more earthquakes.
rates of which decay with time (Utsu et al, 1995). The high- This method detects events using a priori earthquake waveforms
est numbers of aftershocks therefore occur immediately after the ~ as templates, which are cross-correlated with continuous data to
mainshock, and event detection using amplitude based methods search for similar waveforms (Gibbons and Ringdal, 2006). Al-
can be problematic due to overlapping phases of large magnitude though such catalogs are still typically missing some early events

events (Peng et al., 2006). Furthermore, in instances where a sig- in sequences, they can produce over an order of magnitude more
nificant foreshock precedes a larger earthquake, dense aftershocks ~ detections than amplitude based methods alone (Frank et al., 2017;
from the first event may hinder detailed analysis of mainshock  Warren-Smith et al, 2017).

pre-cursors. In such cases, aftershock (and foreshock) catalog com- Here we consider the September 2016 Te Araroa earthquakes
pleteness is vital for both theoretical understanding (e.g. of trigger-  in northeast New Zealand (Fig. 1), a complex offshore sequence in-
ing processes and post-seismic deformation) (Kilb et al., 2000) and ~ cluding a Mw7.1 mainshock preceded 18.5 h earlier by a Mw5.7
science response (e.g. providing accurate seismic hazard forecasts ~ foreshock. We analyze the temporal and spatial evolution of the
following an event) (Ogata and Katsura, 2006). sequence using a matched-filter detection routine to identify many

events missing from the national catalog (Section 2.1). By comput-

ing precise cross-correlation derived phase arrivals, we calculate

* Corresponding author. relative locations between key sequence events. Comparison of
E-mail address: e.warren-smith@gns.cri.nz (E. Warren-Smith). individual template responses, especially templates characteristic
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Fig. 1. Top: Overview of 582 GeoNet derived template locations from the Te Araroa sequence. Circles show seismicity colored by depth. Locations of the Myw7.1 and Mw5.7
foreshock from GeoNet are shown with pink stars, the global CMT mainshock location is shown with a cyan star. Moment tensor solutions are shown with the preferred
plane in red. The grey shaded box represents the USGS finite fault model for the mainshock rupture patch. Dashed grey lines show the subduction interface contours from
Williams et al. (2013). Dashed black lines and yellow shading shows the slip contours from the 2016 slow slip event (Koulali et al., 2017). Upright and inverted red triangles
show the GeoNet broadband and short-period stations used respectively in this study. Corner inset shows tectonic setting of East Cape along the Australia (AUS) - Pacific
(PAC) plate boundary zone. NI is North Island, SI is South Island. Bottom: Structural cross-section along line X-Y (top panel), showing tectonic setting of Te Araroa sequence.
Plate model is based on the 2D velocity model along line RAU07-03 from Bassett et al. (2010). A low velocity (3.5 km/s < Vp < 5.5 km/s) zone of underplated sedimentary
and crustal material immediately overlies the location of the Te Araroa sequence, which occurred within the subducting Pacific slab.

of the later mainshock sequence, allows us to test potential trig-
gering mechanisms that led to the Mw7.1 Te Araroa earthquake
(Section 3.4).

The Te Araroa sequence was followed by the My 7.8 Kaikoura
earthquake on 14th November 2016, ~800 km to the southwest
in north-eastern South Island (Hamling et al.,, 2017; Kaiser et al,,
2017) (Fig. 1). These two 2016 M7+ earthquakes represent the
latest major events occurring amid a decade of significant earth-
quake impacts in New Zealand, following the 2009 Dusky Sound,
2010-2011 Canterbury, and 2013 Marlborough earthquakes. We
extend our matched-filter study to quantify the interaction be-
tween high dynamic stressing from passing Kaikoura surface waves
and the progression of the aftershock sequence of the Te Araroa
earthquake.

1.1. Northern Hikurangi seismicity and Slow Slip Events (SSEs)

The Hikurangi subduction zone lies at the southern end of
the Tonga-Kermadec subduction system and accommodates near-
orthogonal underthrusting of the Pacific plate beneath the Aus-
tralian plate at a rate of ~60 mm/yr in the Te Araroa region

(Beavan et al., 2002) (Fig. 1). The northern Hikurangi margin ex-
hibits a diverse range of interrelated seismogenic phenomena,
including shallow slow-slip events (SSEs) (Wallace and Beavan,
2010), large M > 7 tsunami earthquakes (Doser and Webb, 2003;
Bell et al., 2014), microseismicity (Delahaye et al., 2009) and tec-
tonic tremor (e.g. Todd and Schwartz, 2016). Previously docu-
mented major events include two My6.9-7.1 tsunami earthquakes
in 1947 on the subduction interface, near shallowly subducted
seamounts (Doser and Webb, 2003), resulting in slow velocity rup-
tures, and subsequent large tsunami (Bell et al., 2014). More re-
cently, a shallow (12 km) Mw7.2 event occurred in 1995, to the
south of the Te Araroa sequence, and a deeper (33 km) My7.1
event occurred close to the trench in 2001, followed by a Mw6.6
event three months later, close to the September 2016 epicenter
(www.geonet.co.nz).

Northern Hikurangi SSEs occur repeatedly every 18-24 months,
typically last for a few weeks and exhibit large (>10 cm) displace-
ments. The Te Araroa sequence was preceded in August 2016 by a
SSE with >15 cm of slip centered ~70 km offshore, and extend-
ing farther north than previously observed events, as far as East
Cape (Koulali et al., 2017) (Fig. 1). Mapping the northernmost ex-
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tent of this SSE is limited by the lack of geodetic coverage nearby,
but static Coulomb stress models (Koulali et al., 2017) show the
SSE may have imparted up to 0.01 MPa of Coulomb stress increase
on the southern end of the Te Araroa mainshock patch, and there-
fore possibly played a role in triggering the sequence.

1.2. The September 2016 Te Araroa sequence

The Te Araroa sequence began with a My 5.7 foreshock at 22:04
on 31st August UTC followed by a My7.1 mainshock 18.5 h later.
The largest aftershock was a My 6.2 event ~30 min after the main-
shock. The mainshock was felt widely across North Island, and
generated a 30 cm tsunami at Raukumara peninsula and Great Bar-
rier Island (http://ptwc.weather.gov/).

The global CMT solution (Fig. 1) suggests a normal faulting
mechanism, and a mainshock finite fault model (https://earthquake.
usgs.gov/earthquakes/eventpage/us10006jbi#finite-fault) indicates
complex slip on a shallow, east-dipping fault plane, initiating
at 19 km depth. This depth is beneath the subduction interface
(Williams et al., 2013), placing the source within the upper sub-
ducting Pacific slab (Fig. 1), however knowledge of the interface
geometry is limited in this offshore region. Regional moment ten-
sor solutions (Ristau, 2008) are consistent with this global model;
both the Mw5.7 foreshock and My 7.1 event show similar normal
faulting mechanisms, with a shallow fault plane striking at ~350°
and dipping east at ~20°, consistent with the finite fault model
(Fig. 1). Manual aftershock locations from GeoNet appear elongate
along subduction zone strike (Fig. 1), but this is likely an artifact
of the network geometry and location algorithms (Section 1.4).

1.3. Mw 7.8 Kaikoura earthquake and dynamic triggering

The Te Araroa mainshock was followed 74 d later by the My 7.8
Kaikoura earthquake, which ruptured multiple strike-slip and re-
verse faults in northern South Island on the 13th November 2016
UTC (Hamling et al., 2017; Kaiser et al., 2017, Fig. 1). Dynamic
shaking from the Kaikoura earthquake triggered multiple slow-slip
events along the Hikurangi interface. Northern Hikurangi contin-
uous GPS sites underwent 5-10 mm of eastward displacement
within five hours of Kaikoura (Wallace et al., 2017), initiated by
a strong northeast directivity effect and high dynamic stresses
(100-600 kPa) from surface waves passing through low velocity
forearc sediments.

Despite these conspicuous effects on interface slip, the effect of
dynamic stresses on the evolution of the Te Araroa sequence has
not been clear from the existing GeoNet aftershock catalog alone,
although it suggests a dynamic response is possible. Globally, there
are many examples of remote triggering of local earthquakes dur-
ing and following the wave train of a large event (e.g. Hill, 2008;
Gomberg et al,, 2001; Prejean et al., 2004; Peng et al., 2010). Pro-
posed triggering mechanisms include multiple processes such as
changes in dynamic stress resulting in Coulomb failure (Hill, 2008),
subcritical crack growth (Atkinson, 1984), and crustal fluid trans-
port relating to permeability changes (i.e. the unclogging fracture
model, Brodsky et al., 2003). Observed increased seismicity rates
can last for several hours or days after the wave train, and follow a
temporal Omori-type decay consistent with anticipated aftershocks
of the initial wave train triggered events (Brodsky, 2006).

1.4. Motivations and aims

The Te Araroa sequence represents an intriguing case study for
understanding triggering processes, in particular examining how
a foreshock may trigger a larger mainshock nearby, as well as
constraining interaction between two major earthquake sequences.
Understanding such interaction, and mapping the spatiotemporal

evolution within the Te Araroa sequence has been inhibited pre-
dominantly by the ~100 km epicentral distance from the nearest
onshore station (Fig. 1). Additionally, the large azimuthal gap re-
stricts accurate hypocenter determination, especially depths, given
unclear S-phases. Furthermore, the effectiveness of routine detec-
tion algorithms based on short and long-term amplitude variations
is restricted owing to emergent waveforms.

To overcome these limitations, we produce an improved fore-
shock and aftershock catalog for the Te Araroa sequence using a
matched-filter method. In our analysis of this improved catalog we
focus on two main objectives: (1) to quantify the relation between
the Mw5.7 foreshock and the Mw7.1 mainshock (Section 3.4), in
particular using template responses to trace pre-cursory activity,
and (2) to identify any change in moment release within the
Te Araroa source region, following dynamic stressing by passing
Mw7.8 Kaikoura seismic waves (Section 3.5).

2. Methods
2.1. Matched-filter detection

We adopt the method of Gibbons and Ringdal (2006) for event
detection, implemented using the open source Python package,
EQcorrscan (Chamberlain and Hopp, 2016) and the workflow of
Warren-Smith et al. (2017). For templates, we use 582 GeoNet
detected aftershocks and foreshocks with manual phase picks
(on 10-40 data channels, across 27 broad-band and short-period
sensors). Both templates and continuous data (we use data be-
tween 6th August and 19th September 2016) are filtered between
1-10 Hz and down-sampled to 50 Hz. Template events are clipped
to 1.5 s on each channel, starting 0.15 s before the phase-pick to
exclude preceding random noise and scattered phases, yet allowing
for possible pick error on emergent waveforms.

We calculate single channel normalized cross-correlation co-
efficients, ¥, which are then summed to give a network cross-
correlation sum (CCS). A detection is made when CCS exceeds eight
times the median absolute deviation. We calculate lag-times for
each event (maximum allowed phase-arrival change of 2.5 s) and
finally perform a round of quality control to remove all picks with
¥s < 0.2, and all events with an average v < 0.4, and/or phase
picks on fewer than 3 stations, which discards many false and low-
quality detections.

All remaining events are then located within a 1D velocity
model for the Raukumara peninsula (Reyners et al., 1999). If multi-
ple events originate within six seconds (approximate timing errors
of the most uncertain catalog locations), these duplicates are com-
bined and assigned to the template of the detection that exhibits
the highest mean v value.

2.2. Magnitude calculation

Waveforms are filtered between 1-20 Hz to exclude surface
waves, station response is deconvolved and the response of a
Wood-Anderson velocity seismograph is applied. The maximum
peak-trough amplitude is then automatically picked from a variable
window length (50% of the S-P time of the event at a particular
station, beginning at the S-phase pick), before being corrected for
the pre-filter and halved to estimate the true maximum amplitude.
Local magnitudes, My, for individual stations are then calculated
according to the same equation used for GeoNet magnitudes for
ease of comparison between catalogs:

My = logqg A —10g19 Ao (1)
where A is the velocity amplitude measurement in pms~! and
logio Ao is a linearly interpolated distance dependent correction
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Fig. 2. Cumulative detections with time during the 66 d study period. a) All events detected by this study (black) and those cataloged by GeoNet (red). Detections shown a
steady background rate in Phase A (prior to the Mw5.7 foreshock), followed by increases in rate during phases B (18.5 between the My5.7 and My 7.1 events) and C (after
the Mw7.1 event). Inset shows zoom on detections made in phase B. Grey line shows cumulative detection above the completeness magnitude (Mc2.2), with best-fitting
Omori-Utsu decay model in blue. b) Cumulative detections made by key templates in the Te Araroa sequence. Blue lines are templates that dominate detections in phase C
and are most characteristic of the Mw7.1 sequence. Green lines are the templates that dominate detections in phase B and are most characteristic of the Mw5.7 sequence.
Red line shows the response of the My /7.1 mainshock template (T364), which makes six detections in phase B prior to mainshock failure (see inset panel).
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term, such that log;o Ap = —3 at 100 km epicentral distance. A fi-
nal local magnitude is then calculated from the median station
magnitude across all recording stations.

3. Results

Using the methods outlined in the previous section, we identify
8,366 distinct events in the Te Araroa region over 66 d (Fig. 2a).
This represents an approximately five-fold increase relative to the
GeoNet catalog for the same time period (~1,900).

To simplify terminology in reference to foreshocks and after-
shocks (as aftershocks of the My5.7 event are still foreshocks to
the My 7.1 event), we hereafter refer to the sequence as exhibiting
three phases (Fig. 2a). Phase A includes all events in the catalog
occurring before the Mw5.7 event. Phase B includes events in the
18.5 h between the Mw5.7 and Mw7.1 events, and phase C in-
cludes all events in our catalog occurring after, and including, the
My 7.1 mainshock. These phases of seismicity are discussed further
in Sections 3.3-3.4.

The absence of clear S-phases, and the limited azimuthal cov-
erage of the network promote uncertainties in depth estimates,
more so than in epicenter. As such, we focus our discussion (Sec-
tions 3.4, 4) on the temporal evolution of the sequence, and rela-
tive locations of key events only.

3.1. Repeating seismicity

We identify repeating events (representing repeated failure of
the same point in space), using the criteria of s > 0.95 on >4 sta-
tions and unfiltered data. We correlate every detected event with
every other detection in the catalog and group repeaters into fam-
ilies of waveforms meeting these criteria.

In total 141 repeater pairs, in 113 distinct families (maximum
of five repetitions per family) are detected. Repeaters are almost
exclusively confined to phases B and C and occur within one day
of each other as doublets or triplets (Fig. 3). We detect no sig-
nificant repeating events during phase A, possibly indicating an
aseismic process on the normal fault plane was not active before
the sequence, or that not enough slip occurred for patches to be
re-stressed to failure. However, it may also be possible that our
templates, which were sourced predominantly from the aftershock
sequence, are not suitable to distinguish whether any driving aseis-
mic slip on other structures, such as the plate interface, occurred
in the near vicinity.

3.2. Magnitudes

We obtain local magnitudes, My, for 97% of events (n = 8,077).
The major foreshock magnitude is unchanged (M,5.7), but our
mainshock magnitude is lower at My 6.8 (versus Mw?7.1). This may
be due to local magnitude scale saturation at high magnitudes,
inclusion of fewer regional stations, or hypocentral location differ-
ences. Our mainshock hypocenter locates ~10 km farther offshore
than the GeoNet location, which we calculate contributes ~0.1
magnitude units of overestimation; the difference is therefore most
likely attributable to magnitude scaling or network effects.

The magnitude frequency distribution for detected aftershocks
(Fig. 4) exhibits a Gutenberg-Richter relationship with a b-value
of 0.76 and completeness of My,2.2, calculated using a maxi-
mum likelihood approach. The GeoNet catalog exhibits a bimodal
distribution, which we do not observe. Instead we attribute this
bimodality to differences between automatically located and re-
viewed events; in the GeoNet catalog automatically located events
typically locate closer to shore than manually located ones, and
their magnitudes are hence underestimated. Our detection rou-
tine has predominantly increased the number of detections with
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Fig. 4. Magnitude frequency relationships for three Te Araroa sequence catalogs
(6th August-19th September 2016) discussed in this study. Black shows manu-
ally picked events utilized as templates, which were sourced from the full GeoNet
catalog (mid-grey, includes unreviewed events). The lightest grey shows events de-
tected in this study using a matched-filter approach. Bars show the total number of
events for magnitude bins size 0.2, crosses show the cumulative frequency in the
log domain, the slope of which defines the b-value of the Gutenberg-Richter re-
lationship. Dashed line shows linear fit. The b-value for all three catalogs is very
similar (0.75-0.76), but our matched-filter method has improved the magnitude of
catalog completeness (Mc) by 1.4 units to Mc2.2.

My, < 4, but has also identified more My, > 4 events occurring
very early in the sequence, that were likely missed because of
overlapping larger events, or were automatically mislocated and
hence their magnitudes were initially underestimated.

3.3. Detections in phase A: events prior to the Mw5.7 foreshock

In the 25 d prior to the My5.7 foreshock, we detect 734 events,
defining an average background rate of ~30 events/day (Fig. 2a).
The average s for these detections is 0.56, indicating they are
sufficiently similar to aftershock templates to exceed the detec-
tion threshold, yet are unlikely to represent complete failure of
the same asperities. These events exhibit no spatial clustering;
we therefore interpret them to be representative of the diffuse
background seismicity rate. We observe no acceleration in detec-
tion rate or moment release in the days immediately prior to the
Mw5.7 foreshock. Nor do we observe any increase in seismicity
rate corresponding to the initiation of the preceding SSE in late
August (Koulali et al., 2017).

3.4. Detections in phases B and C: events in the aftershock sequences of
the Mw5.7 and My 7.1 events

Phase B and C events dominate detections, with 131 earth-
quakes over 18.5 h in phase B, and 7,519 earthquakes over 19 d
in phase C. Our final My 7.1 aftershock catalog exhibits an Omori-
type decay (Fig. 2a). After correcting for catalog completeness, we
calculate the modified-Omori decay parameters (n(t) = K/(t +c)?)
after Utsu et al. (1995) using a bootstrap approach to be p = 0.98,
¢ =0.454 and K = 1267.9 for events in phase C. Too few af-
tershocks of the Mw5.7 remain after completeness correction to
reliably calculate these parameters for phase B.

Templates most characteristic of both the Mw5.7 and Mw7.1
aftershock sequences (those templates which dominate the detec-
tions in each case) (Fig. 2b) can be utilized as ‘source-tracers’ to
identify activity relating to the respective sequences. Templates
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P-arrival.

T368, T372 and T374 (green lines in Fig. 2b) are most character-
istic of the Mw5.7 aftershock sequence, and together detect ~36%
of events in phase B. These templates exhibit a sharp increase in
detection rate immediately following the Mw5.7, and show no sec-
ondary response to the Mw7.1, suggesting no or limited additional
activation of the Mw5.7 rupture patch by the mainshock. Tem-
plates T23, T63, T173, T260 and T467 are most characteristic of
the Mw7.1 aftershock sequence, each detecting >60 events, and
together detect 7% of events in phase C (blue lines in Fig. 2b). The
other events in this phase are comprised of a small number of
detections-per-template across other templates, indicating a wide
and otherwise diverse aftershock zone.

Interestingly, several templates characteristic of the My7.1 se-
quence make detections in phase B, most notably the mainshock
template, T364, which makes five detections during this time (red
line in Fig. 2b). These detected events range in magnitude between
M,2.9 and M,3.9, the first occurring 12 min after the Mw5.7.
Some of these events were detected by other templates, but were
assigned to template T364 during declustering, as this template
correlated the best out of the 582 templates despite, notably, be-
ing the largest magnitude template used, and the sequence main-
shock. Arrival times across the network of these phase B events are
negligibly different from the mainshock, and some channels cor-
relate very well (e.g. MTHZ HHZ 4 = 0.905 for a M,2.9 event,
Fig. 5). Even for unfiltered waveforms (Fig. 5b), we show that
strong (s > 0.75) normalized cross-correlations between the P-
phase of the mainshock and the pre-cursory events exist for at
least 3.5 s after the direct P-arrival.

We investigate the spatial relation between these precursory
events and the mainshock by calculating double-difference rela-
tive hypocenters (Waldhauser, 2001). We implement catalog and
cross-correlation pick times, and initial locations computed using
the 1D velocity model with our correlation-corrected picks. This
relocation (Fig. 6) shows that all five precursory events locate very

close to the mainshock hypocenter, within 1.2 km horizontally and
1 km vertically, placing them within the rupture patch size of the
mainshock. These events locate ~40-50 km to the northeast of
the events characteristic of the Mw5.7 sequence (green circles in
Fig. 6).

These observations indicate a clustering of activity distinct from
other foreshock phase B events, very similar to, and close in time
and space to the mainshock, possibly triggered by the M5.7 fore-
shock. Further discussion on the implications for these high cor-
relations, and the physical context of these pre-cursory events is
included in Sections 4.1 and 4.2.

3.5. Static Coulomb stress models

We examine potential triggering mechanisms for this phase
B activity by calculating the static Coulomb stresses from the
Mw5.7 foreshock and the Mw7.1 mainshock (Fig. 7) using the
Coulomb 3.3 software (Toda et al.,, 2011). Because of uncertain-
ties in the nodal versus auxiliary plane, we perform a series
of calculations for each possible combination of shallowly dip-
ping (strike/dip/rake = 354°/21°/—138°) and steeply dipping
(strike/dip/rake = 224°/76°/—74°) planes of the moment tensor,
for both the source and receiver faults (Figs. 7a-j). We utilize
the empirical relations of Wells and Coppersmith (1994) to es-
timate rectangular source dimensions of the two normal events
based on their moment magnitudes. For the shallowly dipping
mainshock source, we additionally implement the USGS finite fault
slip distribution. We use an effective coefficient of friction of 0.4,
and compute the resulting stress changes at 19 km depth (the
hypocentral depths of the events). We observe similar results for
a range of friction coefficients between 0.3 and 0.7. We constrain
the inter-event distance and azimuth from our relative relocation
approach, as outlined previously.
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Fig. 6. a) Locations of key events in the Te Araroa sequence as constrained by this study (circles) and by GeoNet (mainshock and foreshock only, shown as stars). Main
map shows large-scale locations of the sequence. Light green circles show the locations of templates most characteristic of the Mw5.7 aftershock sequence, which detect
~36% of events in phase B, and locate close to the My5.7 foreshock hypocenter (dark green circle). Red circles show Mw7.1 characteristic events which locate ~40-50 km
to the north-east from Mw5.7 events. Inset shows double-difference relative relocations of events detected by T364 (mainshock) during phase B. These events all occur
within 1.2 km of the mainshock location, initiating a few minutes after the My5.7. b) Structural cross-section showing schematic locations of the foreshock, mainshock and
pre-cursory events in relation to underthrust sedimentary material as constrained by Bassett et al. (2010). c) Schematic model of the fault plane, showing locations of key

events, and proposed aseismic unlocking of the mainshock rupture patch prior to failure.

Our models show that the Mw5.7 foreshock imposed low
(«1 kPa) static Coulomb stresses at the My7.1 hypocenter, and
where the precursory events occurred, regardless of orientation.
This indicates static coseismic foreshock stressing is unlikely to
be the cause of the triggered pre-cursory activity and the even-
tual mainshock. Conversely, higher (~50 kPa) positive stresses are
imposed by the My7.1 mainshock at the foreshock location, but
only for a steeply dipping mainshock source fault (Figs. 7e, h).
The inclusion of the finite fault slip inversion in the calcula-
tions (Fig. 7g, j) highlights the oversimplification of the uniform
slip models, and exhibits complex patches of positive and nega-
tive stress changes within the much larger modeled fault region,
but with no significant stress changes extending to the Mw5.7
hypocenter. This appears consistent with the lack of observed sec-
ondary response in Mw5.7 characteristic templates following the
mainshock (green lines in Fig. 2b), as these template locations
experienced no significant positive static Coulomb failure stress
change.

3.6. Events following My 7.8 Kaikoura earthquake

3.6.1. Calculation of dynamic Coulomb stresses

Implementing the method of Wallace et al. (2017) and Holden
et al. (2017) we calculate dynamic Coulomb stresses, in the period
range >3 s, occurring in the Te Araroa region from the passing
of Kaikoura surface waves (e.g. Kilb et al., 2000). We resolve the
resulting calculated stress perturbations onto the preferred fault
plane from the USGS finite fault model, and calculate the maxi-
mum dynamic Coulomb stress according to King et al. (1994), for

two end member values of the effective friction coefficient, f = 0.1
and f =1.0.

Our results indicate the resolved dynamic stresses on the Te
Araroa source plane from the Kaikoura earthquake are consider-
able (~70 kPa for f =0.1 and ~150 kPa for f =1.0), and ~100
times larger than the static Coulomb stress change (<1 kPa). Peak
dynamic stresses occur ~300 and 400 s after the Kaikoura origin
time (Fig. 8b).

3.6.2. Search for triggered seismicity

We perform an additional search for seismicity in the Te Araroa
source region occurring over a three-day period spanning the
Mw7.8 Kaikoura Earthquake (12th-14th November 2016, UTC).
We include three new templates in our search, which range in
magnitude from Mw2.8 to a Mw5.1 occurring four hours after
the Kaikoura earthquake (www.geonet.co.nz). We apply the same
workflow as in Section 2.1, but increase the bandpass filter to
5-20 Hz, to isolate higher frequencies dominant in local seismic-
ity from regional Kaikoura phases. We calculate approximate local
magnitudes for these detections, but note that our magnitudes
are overestimated in many cases, as we do include longer-periods
(<5 Hz) in our pre-filter when picking amplitudes (which are con-
taminated by the passing wavetrain of the Kaikoura aftershock
sequence). We then convert local My, magnitudes to moment mag-
nitudes, My, and then to seismic moment, Mg, using the relation-
ship derived by Ristau (2009) to illustrate the relative, rather than
the absolute pattern of moment release (Fig. 8).
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The following observations are noted regarding detections in 2. A sharp increase in detection rate begins ~210 s after the
the Te Araroa source region (Fig. 8). These observations are dis- Kaikoura origin time, with the arrival of the S-waves in the Te
cussed further in Section 4.3. Araroa source region, and continues through the highest mod-

eled dynamic stresses from passing surface waves (Fig. 8b).
1. We make 39 detections, all Myy < 3.5, in the 35 h prior to the We observe higher rates of detections occurring at ~300 and

occurrence of the Kaikoura earthquake (Fig. 8). ~400 s after Kaikoura (Fig. 8b). This period of heightened
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Mw7.8 Kaikoura earthquake. a) Cumulative detections with time (red line) for a
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rate increase immediately following the arrival of the regional waves. Cumulative
moment release (blue line) is shown as calculated from the detection Mj, mag-
nitudes (red circles). This calculated moment release is an overestimate, owing to
local events being buried in regional high amplitude signals, but shows a similar
pattern to the cumulative detections. b) Red lines show synthetic dynamic Coulomb
stresses (for effective friction coefficients f = 1.0 and f = 0.1) imposed by the
My 7.8 Kaikoura earthquake, as resolved on the USGS derived Te Araroa fault plane
with a focal depth of 19 km. Vertical blue dashed lines denote origin times of de-
tections made using Te Araroa aftershock templates, and correspond to period of
highest modeled dynamic stressing.

seismicity rate includes >300 detections over ~4 h, and ter-
minates with the Mj,4.9 (Mw5.1) template event (the largest
event in the GeoNet catalog over this time).

3. This is followed by a pause in detections, with only three
detections occurring during a three-hour period (grey bar in
Fig. 8a). We interpret this pause in detections to be a tem-
poral stress shadow, incited by a dynamically triggered clock-
advance of moment release in the previous five hours (Sec-
tion 4.3).

4. Once detections resume after the pause, the detection rate de-
cays and by ~36 h after Kaikoura, is similar to the original,
pre-Kaikoura rate.

The B-value describes the difference between the observed num-
ber of events after Kaikoura and the expected number from the
background rate (Matthews and Reasenberg, 1988). After correct-
ing for the catalog completeness, we calculate the g-value between
the two time periods (the 37 h after Kaikoura, and the full three
day period shown in Fig. 8a) to be positive at 8 = 20.62. Abso-
lute B-values >2.57 are indicative of statistically significant rate
increases at the 99% confidence level. Our g-value greatly exceeds
this, and even though our magnitudes include large uncertainties
and hence completeness influences may not be fully removed, we
argue that a statistically significant seismicity rate increase occurs
in the Te Araroa source region following the Kaikoura earthquake.

4. Discussion
The Te Araroa sequence is intriguing for a number of rea-

sons, most notably because of the range of earthquake interaction
processes it exhibits between local, regional and aseismic events.

Firstly, the sequence was preceded in August by a slow slip event
on the northern Hikurangi interface (Fig. 1), which may have acted
as an initial static stress trigger for the sequence (Koulali et al.,
2017). Secondly, our matched-filter results build on modeling of
Koulali et al. (2017) to indicate that precursory activity, very simi-
lar in location and waveforms to the mainshock, was subsequently
dynamically triggered by the My5.7 foreshock. Finally, the on-
going aftershock sequence was reinvigorated two months later
by dynamic stressing from the My7.8 Kaikoura earthquake, some
800 km away.

4.1. How did the M 5.7 foreshock trigger the M 7.1 mainshock?

Results outlined in Section 3.4 reveal that precursory activ-
ity located very close, and with waveforms similar to the My 7.1
mainshock was initiated a few minutes after the My 5.7 foreshock,
some 40-50 km away, and continued for several hours before the
largest event. Walter et al. (2015) observe a similar triggering of
foreshocks prior to the September 2012 My 7.6 Nicoya earthquake
following the August 2012 My 7.3 El Salvador earthquake, 450 km
away. In that case, the distances involved suggest that dynamic,
rather than static, loading is a likely triggering mechanism respon-
sible for the Mw?7.6, even though it occurred about a month later
than the Mw7.3. At shorter distances, such as those of a few rup-
ture lengths involved in the Te Araroa sequence, there is no widely
accepted understanding of whether static stresses arising from
fault slip (e.g. King et al., 1994) or dynamic stresses from pass-
ing seismic waves generated by seismic slip (e.g. Kilb et al., 2000;
Gomberg et al., 2001) are more important.

Coulomb stress models (Section 3.5) indicate that coseis-
mic static stresses imposed by the foreshock on the mainshock
hypocenter were small, and therefore unlikely to have triggered
the mainshock; the inter-event distance is too large. Instead, it is
likely that dynamic processes resulting from the Mw5.7 triggered
the Mw7.1. One interesting feature of the catalog is the time delay
involved between foreshock and mainshock initiation. Numerical
studies show that dynamic stresses can trigger a delayed response,
with an Omori-law decay, as the result of changes to the critical
slip distance, D¢, (e.g. Parsons, 2005) arising from strain induced
compaction, pore fluid migration (Bosl and Nur, 2002), triggered
aseismic creep (Shelly et al., 2011) or associated increased loading
from afterslip (Perfettini and Avouac, 2004).

In light of the limited seismic and geodetic network cover-
age of the area, we cannot conclude definitively which of these
mechanisms, or combination of mechanisms, contributed to the
triggering of the My 7.1. However, we propose that the mainshock
was likely triggered by a preparatory aseismic creep process (e.g.
Lohman and McGuire, 2007), or pore fluid migration (e.g. Bosl
and Nur, 2002) activated by dynamic stresses from the My5.7.
In what follows, we discuss the compatibility of our observations
with these proposed scenarios.

Our rationale for a preparatory aseismic creep scenario during
Phase B is outlined as follows. Firstly, the cumulative rate of main-
shock template (T364) detections (red line in Fig. 2b) is initially
approximately linear (during phase B and the first 2 d of Phase C),
suggesting seismicity sampled by this template may be driven by
an underlying process other than cascading earthquakes trigger-
ing additional events in a power-law dictated setting (Vidale and
Shearer, 2006). Secondly, pre-cursory Phase B events begin closest
in space to the mainshock hypocenter, and extend outwards bilat-
erally, suggesting slow unlocking of the My7.1 asperity (Fig. 6¢)
over the course of several hours. If this is the case, we may ex-
pect to observe repeating seismicity, such as that documented by
Kato et al. (2012) and Kato and Nakagawa (2014) prior to both the
2011 Tohoku-Oki and 2014 Iquique earthquakes. Our analysis of
repeating earthquakes (Section 3.1 and Fig. 3) indicates although
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we observe repeating seismicity during Phase B, these events do
not locate close to the Mw7.1 hypocenter. It is, however, possible
that the short duration of Phase B may not be sufficient to observe
such repetitions of single asperity failure within all areas sampled
by the templates.

Such preparatory aseismic slip in Phase B may have simply
triggered the failure of the mainshock asperity (e.g. Lohman and
McGuire, 2007) or be similar to observations of nucleation pro-
cesses in numerical and laboratory analogue experiments (e.g.
McLasky and Kilgore, 2013; Kaneko et al., 2016). Small Phase B
foreshocks then represent rupturing of smaller-scale asperities that
were triggered by the aseismic slip, and the mainshock nucleation
represents the failure of a larger asperity in the vicinity of these
foreshocks (e.g. Kato and Nakagawa, 2014). For some unknown
reasons relating to conditions near the epicenter, the mainshock
failure started as a rupture process similar to that of these fore-
shocks in the first few seconds, but with a different amount of
slip, as reflected in the similar shape, but different amplitudes of
the initial few seconds of the waveforms.

Alternatively, dynamic foreshock stressing may have unclogged
fluid pathways leading to permeability enhancement (e.g. Elkhoury
et al.,, 2011) near the mainshock hypocenter, and subsequent pore
fluid migration directly triggered small Phase B foreshocks and
eventually the mainshock asperity. Fluids play a pivotal role in
controlling the locations and rates of both aftershock and swarm
sequences, either through a rise in fluid pressure (e.g. Ake et al.,
2005) or dynamic redistribution of fluids. This process is consid-
ered especially important in subduction slab earthquakes, where
tensional fracturing in the upper part of the subducting plate pro-
vides conduits for fluid migration (Ranero et al., 2003). The Te
Araroa sequence occurred directly beneath a low velocity zone of
underplated sedimentary material (Fig. 6b, Bassett et al., 2010),
which we propose provides a nearby source of fluids within a
highly porous medium (12-18% at depths of 5-20 km, Bassett et
al,, 2010). We note that the time period and distance between
precursory events EV1 and EV4/5 (Fig. 6) is ~12 h and ~1 km,
indicating fluid diffusivity of ~2 m?/s, which is similar to values
reported by Shelly et al. (2016) and Goebel et al. (2017) based on
seismicity migration patterns.

4.2. Magnitude relation and implications for earthquake scaling

Our matched-filter results show that the first few seconds of
waveforms of the My 7.1 earthquake are very similar in nature to
events as small as My,2.7, across more than four orders of mag-
nitude (Fig. 5). Large magnitude earthquakes are inherently more
complex than smaller magnitude events, rupturing larger areas
and including more complicated source-time functions, often slip-
ping across multiple separate faults (Geller, 1976). Despite this,
matched-filter detection shows that waveform similarity of body
phases is possible over several orders of magnitude, as large mag-
nitude templates (M5.5+) are capable of detecting events up to
hundreds to thousands of times smaller (e.g. Warren-Smith et al.
(2017) detected a M 1.5 event using a M1 5.8 template in a 1-10 Hz
frequency band).

Detections made by a single template are, by design, restricted
to be close both in spatial location, and source mechanism. There-
fore, the above observations pertain to the magnitude scaling char-
acteristics of individual fault patches. Ultimately, the maximum
possible magnitude difference between template and detection is
likely related to a number of factors, including the bandpass fre-
quency chosen during processing, number and spatial density of
templates utilized, spatial variability in the sequence, and length
of the template waveform and allowed lag-time windows, and is
therefore both sequence and workflow specific.

In the case of the Te Araroa sequence, the difference in single-
phase network response is mitigated by the fact that the network
azimuth is so small (i.e. the declustering process is most sensi-
tive to differences in the shape of the waveform, rather than the
timing of arrivals across the network). Furthermore, the epicen-
tral difference between the Mw5.7 and the My 7.1 when compared
to the epicentral-station distances across the network is relatively
small, implying large-scale shared path effects between the two se-
quences. Together with the high normalized single-channel cross-
correlations, and in particular the same polarities, between the
detections and the mainshock, we argue that such similarities be-
tween the mainshock and pre-cursory events represent not only
spatial similarities, but also similar source properties.

If this is the case, then it indicates that the rupture process
of the smaller events is initially highly correlated with the larger
event, and additional complexity associated with later stages of
mainshock rupture only occurs ~3.5 s after nucleation. By consid-
ering a large magnitude event as one that cascades to exceed the
asperity dimensions of a smaller event, this may suggest the size
of the smaller magnitude asperity is characterized by this 3.5 s
time period. Typical rupture durations, 7, for M < 4 earthquakes
are of the order of T <1 s (Aki and Richards, 2002). It is possi-
ble that T =3.5 s for pre-cursory events instead represents much
slower ruptures, including the possibility of a lower fault rigidity
or a large source radius. We are only able to speculate on this; ac-
curate calculation of the source parameters of these events is not
possible given the large (>120 km) distances between source and
the closest station.

4.3. Dynamic triggering by M 7.8 Kaikoura earthquake

A statistically significant increase in seismicity rate occurred
during and immediately following the arrival of the My, 7.8 Kaikoura
earthquake wavetrain in the Te Araroa source region (Section 3.6.2).
Given uncertainties in the synthetic wavefield, we cannot directly
compare these timings of triggered events to peaks in the synthetic
dynamic stress perturbations to identify a relationship between
the two. However, at the dominant period of the synthetic stresses
(10-20 s), the synthetic velocity waveforms correlate well with ob-
served data at stations in East Cape, so the timing errors on the
shorter period stress perturbations are likely to be small. We are
confident that the estimated arrival times of the dominant phases
are well constrained (i.e. that higher dynamic stresses occur at
~300 and ~400 s after the Kaikoura earthquake, Fig. 6b). These
periods correspond to times of increased detection rate, indicating
a direct link between peak dynamic stresses and seismicity.

We observe a three-hour lull in detection rate shortly follow-
ing a triggered Mw5.1 event (grey bar in Fig. 8a). We interpret this
as a temporal stress shadow; the natural occurrence rate of events
in the region has been accelerated, and hence requires a period
of time to recover where the fault patches that were slightly be-
hind in reaching failure take time to catch up. This phenomenon
has been previously observed globally following remote dynamic
triggering, for example in Tibet following the 2004 Sumatra earth-
quake (Yao et al., 2015) and global rates of M5+ earthquakes fol-
lowing the 2012 Indian ocean earthquake (Pollitz et al., 2012). Our
observations are the first to document this process occurring in an
ongoing major aftershock sequence hundreds of kilometers away.

As such, our results have direct implications for seismic haz-
ard models. At a time when New Zealand is still experiencing
aftershocks from several major sequences, including the 2010 Can-
terbury and 2013 Cook Strait earthquakes, such reinvigoration by
subsequent events may incidentally increase hazard at consider-
able distances from, and outside the immediate aftershock zone
of contemporary events. Re-acceleration in the Te Araroa sequence
was initially missed, not only because the triggered events were
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difficult to detect using amplitude based methods, but also because
the high productivity rates immediately following the Kaikoura
earthquake meant the GeoNet detection algorithm favored higher
magnitude events farther south. Our improved catalog shows that
many events, including some high magnitude events, were missed,
thus likely changing the on-going forecast for the Te Araroa se-
quence. However, quantifying the moment release during this trig-
gered period is difficult owing to triggered events being buried
within high amplitude regional waveforms. Further work is re-
quired to accurately quantify this moment release, and feed the
improved catalog into the hazard forecasts.

5. Conclusions

Incomplete aftershock and foreshock catalogs of large events
frequently preclude detailed analysis of sequence initiation, evo-
lution and triggering processes. Matched-filter methods offer im-
proved resolution of the spatial and temporal progression of se-
quences, often not obtainable using amplitude-based detection
alone. By applying such methods to the northern Hikurangi mar-
gin, New Zealand, we analyze the 2016 My7.1 Te Araroa earth-
quake. We show that the My 7.1 mainshock, when used as a tem-
plate, detects several highly correlating events occurring 12 min
after a major Mw5.7 foreshock (which occurred ~50 km away).
These high-correlation events provide evidence for precursory ac-
tivity, in a similar location, and with similar source properties to
the largest event, prior to mainshock failure, initiated by a nearby
foreshock. This preparatory phase was unlikely to be statically trig-
gered and hence represents a delayed dynamic process likely con-
trolled by the presence of fluids and/or an aseismic creep process.
Furthermore, we extend our study to show that the Te Araroa af-
tershock sequence was dynamically reinvigorated two months later
by the My 7.8 Kaikoura earthquake, 800 km to the southwest, fol-
lowing high dynamic Coulomb stresses of up to 150 kPa.
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