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Large-scale dynamic triggering of shallow slow
slip enhanced by overlying sedimentary wedge

Laura M. Wallace"?*, Yoshihiro Kaneko', Sigriin Hreinsdéttir!, lan Hamling', Zhigang Peng?,
Noel Bartlow?, Elisabetta D'Anastasio’ and Bill Fry'

Slow slip events have become recognized in the last decade as an important mode of fault slip, and are most widely observed
at subduction zones. Many episodes of tectonic tremor (related to slow slip) have been triggered by distant earthquakes
due to dynamic-stress changes from passing seismic waves. However, there are few clear examples of large, geodetically
detected slow slip events triggered by distant earthquakes. Here we use analyses of seismic and geodetic data to show that
the magnitude 7.8 Kaikoura earthquake in New Zealand in 2016 triggered a large slow slip event between 250 and 600 km
away. The slow slip was shallow, at less than 15 km deep, and spanned more than 15,000 km? of the central and northern
Hikurangi subduction margin. The slow slip initiated immediately after the earthquake, lasted one to two weeks and was
accompanied by a swarm of seismicity. We show that changes in dynamic stress in the slow slip source area ranged from 100
to 600 kPa—approximately 1,000 times greater than the static-stress changes of 0.2 to 0.7 kPa. We therefore propose that the
slow slip event was triggered by dynamic-stress changes caused by passing seismic waves. Furthermore, the dynamic-stress
changes were greatest on the shallow subduction interface, at less than 10 km depth, in a region overlain by a sedimentary
wedge that acts as a waveguide, trapping seismic energy and probably promoting triggering of slip. This suggests that shallow

slow slip events are more easily triggered by dynamic-stress changes compared with deep events.

subduction zones and other types of environment around

the globe'™, the relationship between SSEs and seismic slip
is still not well understood. Many observations indicate that SSEs
can trigger damaging seismic events®”. There are also abundant
observations of seismic events triggering slow slip and related seis-
mic phenomena. These include deep tectonic tremor episodes trig-
gered by dynamic-stress changes from passing seismic waves from
regional or distant earthquakes*'*'?, and observations of earth-
quakes triggering nearby (<50km), geodetically detectable SSEs
due to either dynamic- or static-stress changes'"*. However, there
are very few (if any) clear-cut examples of regional or distant seismic
events dynamically triggering large-scale, geodetically detectable
SSEs. The primary examples of distant or regional triggering of
geodetically detected subduction-zone SSEs include a possible small
SSE observed in strainmeter data in southwest Japan triggered by
a distant event near Tonga in 2009", a long-term (~6 months)
SSE in Mexico postulated to be triggered by the 2010 Maule earth-
quake'’, small triggered SSEs (~2-4 cm slip) near the trench at the
Nankai Trough', and recurrent SSEs in Boso Peninsula brought
forward in time (although not immediately) by the 2011 Tohoku-
Oki earthquake'®. Some cases were accompanied by tremor or low-
frequency earthquakes'®", or earthquake swarms'. Dynamically
triggered SSEs from distant earthquakes have also been documented
on the strike-slip San Andreas system from creepmeter data'’, and
tremor and low-frequency earthquakes™. Slow onset and longer
duration (months) of some large, geodetically detectable subduc-
tion SSEs'® can make it difficult to establish a dynamic triggering
origin. Whether or not dynamic triggering of SSEs can occur over
a large region (for example, many thousands of square kilometres)

D espite widespread observations of slow slip events (SSEs) at

has implications for the strength of large portions of subduction
plate boundaries.

Slow slip following the Kaikoura earthquake

New Zealand straddles the boundary zone between the Australian
and Pacific plates (Fig. 1). Just after midnight on 14 November 2016
(New Zealand local time), the M7.8 Kaikoura earthquake rup-
tured a complex sequence of at least a dozen crustal strike-slip
and reverse faults over a ~150km length of the plate bound-
ary in the northeastern South Island***. The earthquake pri-
marily involved right-lateral strike-slip and some reverse faulting
within the Marlborough fault system and northern Canterbury
area’. It is also likely that the earthquake involved slip on the
far southern Hikurangi subduction interface beneath the northern
South Island™.

Immediately following the earthquake, continuous GPS (cGPS)
sites operated by GeoNet (www.geonet.org.nz) along the North
Island’s east coast (above the Hikurangi subduction zone) detected
several to 30 mm of eastward motion over the one- to two-week
period after the earthquake (Figs 1 and 2). Some cGPS sites at
the northern Hikurangi margin underwent 5-10 mm of eastward
displacement within 5h after the earthquake (Fig. 2). These cGPS
sites were 250-600km from the M?7.8 earthquake, in a region
coseismically displaced 1-4 mm northwards by the M7.8 earth-
quake (Supplementary Fig. 1). Such large eastward motion following
the earthquake is at odds with Kaikoura M 7.8 coseismic and post-
seismic signals expected at these sites, and is instead consistent with
initiation of a large SSE along the offshore Hikurangi subduction
zone (Fig. 1). Displacement patterns are similar to those observed
in previous SSEs in that region®.
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Figure 1] Total slip on the shallow Hikurangi subduction interface
following the 2016 Kaikoura M7.8 earthquake. Slow slip on the Hikurangi
subduction interface (colours, see scale in cm) following the

14 November 2016 M7.8 earthquake (green star). The arrows show
horizontal displacement of cGPS sites during the SSE based on the
best-fitting model (see Supplementary Fig. 4a,b for cGPS time series and
model fits). The red lines show the surface traces of faults that ruptured in
the earthquake?'. The black dashed contours represent the Hikurangi
subduction interface, with depths in kilometres below sea level.

HB, Hawke Bay. The southern Hawkes Bay region is the area to the south
of Hawke Bay. cGPS site locations labelled for those in Fig. 2.

Slow slip event evolution and relationship to seismicity

We invert cGPS time series for slip on the Hikurangi subduction
zone using a time-dependent, nonlinear inversion code, TDEFN-
ODE* (see Methods), using the most recent Hikurangi subduction
geometry” to define the interface in our model. Daily ¢GPS time
series are from GeoNet (www.geonet.org.nz), and we also include
time series of 8-h GPS solutions (some are shown in Fig. 2b) from
many of the sites on the east coast. Best-fitting slip models require
SSE slip on the shallow subduction interface (<15km deep) off-
shore most of the east coast of the North Island during the ten-
day period following the M 7.8 Kaikoura earthquake (Figs 1 and 3).
We confirm these results with a different time-dependent inver-
sion code, the Network Inversion Filter’” (Supplementary Fig. 2
and Methods). SSE displacements began at the northern Hikurangi
margin immediately following the M7.8 earthquake, while sites at
the central Hikurangi margin showed large displacements within
2-3 days of the earthquake (sites PAWA and PORA) (Fig. 2). This
suggests two possible scenarios: the SSE initiated at the northern
Hikurangi margin and migrated south; or the SSE initiated in both
locations nearly simultaneously, but central Hikurangi margin slip
began near the trench and migrated down-dip, producing visible
displacements at shore-based GPS sites a couple of days after the
earthquake. Without seafloor geodetic data, it is difficult to distin-
guish between these two scenarios. However, the lack of seismicity
offshore the southern patch of SSE slip during the first 5-6 days after
the earthquake (Fig. 3) suggests that the second scenario may be
more likely, as SSEs in this portion of the Hikurangi margin tend to
excite microseismicity’*”. The cumulative moment released in the
SSE is M,,7.1, assuming a shear modulus of 30 GPa.

Since the GeoNet ¢GPS network began operating in 2002, we
have observed numerous SSEs on the offshore northern and central
Hikurangi subduction zone. These offshore SSEs generally occur at
<15km depth, are short in duration (<2-3 weeks), and typically
involve 1-3 cm of eastward movement of cGPS sites on the east
coast?®?, similar to the SSE following the Kaikoura earthquake.
However, previous shallow Hikurangi SSEs have typically ruptured
smaller portions of the interface, separated in space and time****.
This is the first time that near-simultaneous rupture of the entire
central and north Hikurangi margin shallow slow slip region
has been observed, with an SSE rupture length of ~300km.
The large regional extent of the SSE rupture, and initiation
immediately following the Kaikoura M 7.8 earthquake, suggests that
the earthquake triggered the SSE. We note that deeper (30-40 km)
slow slip and afterslip also follows the Kaikoura earthquake at the
southern Hikurangi subduction margin (http://www.geonet.org.nz/
news/18hVgzaAdgaGC6CcWmwmU6). Because these southern
Hikurangi events are still ongoing (and new data are being acquired
to better understand these), we limit this study to long-distance
(>250 km) triggering of east coast SSEs.

The largest SSE slip is observed offshore the southern Hawkes
Bay region (>10 cm), and was accompanied by abundant seismicity
(Fig. 3), with numerous events in the M,2.0-5.0 range, and up to
M,6.0 (www.geonet.org.nz). Focal mechanisms from larger events
in the swarm are consistent with a subduction interface origin®. We
also detect many repeating earthquakes co-located in this region
(Methods), probably driven by the ongoing SSE>' (Fig. 3). Two
previous SSEs have been observed in this area, in 2006 and 2011**%,
suggesting an approximately five-year recurrence interval between
SSEs in southern Hawkes Bay, and were similarly accompanied by
elevated seismicity rates’™>. On the basis of the previous five-yearly
recurrence patterns of past SSEs in southern Hawkes Bay, this
region was already late in its SSE cycle, and was more susceptible
to triggering by the M7.8 earthquake. In contrast, the northern
Hikurangi margin (where SSEs occur every 1-2 years) had already
undergone a few SSE episodes earlier in 2016 (Supplementary
Fig. 3), and was not clearly due for another SSE. This suggests that
the northern Hikurangi margin SSEs may be highly susceptible to
small stress perturbations independent of where it is in the SSE cycle.

Large slow slip triggered by dynamic-stress changes

The physical conditions and mechanisms leading to SSE occur-
rence are still under debate, although most agree that SSEs occur
on faults with low effective stress, due to the presence of high
pore fluid pressures’*. Such physical conditions make SSE regions
sensitive to small stress perturbations (tens of kilopascals) from
local and regional earthquakes, both in terms of static-stress”’ and
dynamic-stress®'** changes, and tidal perturbations***. To deter-
mine whether large, widespread SSE triggering off the North Island’s
east coast is due to dynamic- or static-stress changes induced by
the Kaikoura earthquake, we undertake modelling of these stress
changes on the subduction interface fault.

We calculate the static-stress change on the subduction interface
due to the coseismic slip distribution in the Kaikoura earthquake
(Fig. 4a inset, and 4b) using a model that includes some slip
on the subduction interface beneath the northern South Island™.
We calculate Coulomb stress changes® on the Hikurangi interface
assuming long-term slip directions on the subduction interface”,
and an effective coefficient of friction® of 0.1. Static-stress increases
of >0.5 MPa are predicted on the far southern Hikurangi interface
beneath the northeast South Island, while a large static-stress
decrease is predicted east of the Kaikoura M7.8 rupture area (Fig. 4a
inset). In the east coast shallow SSE region, static-stress changes
are exceedingly small (0.2-0.7 kPa; Fig. 4b), much smaller than
stress changes exerted by tidal loading calculated for offshore thrust
plate boundaries, which are typically on the order of 10kPa or
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Figure 2 | Continuous GPS time series showing east coast slow slip following the Kaikoura earthquake. The east component of cGPS site positions for
representative sites on the east coast; the green line on each shows the time of the earthquake. The time series on the left (in red) are positions for each
24-h period, available at www.geonet.org.nz. Note the onset of SSE slip at cGPS sites further south (PAWA) a few days after the earthquake. The time
series on the right (in blue) show positions for each 8-h period at a subset of sites at the northern Hikurangi margin north, where SSE displacement
initiated immediately. Locations of sites shown on Fig. 1.
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Figure 3 | Evolution of shallow slow slip on the Hikurangi subduction zone during the days following the Kaikoura earthquake. Time-dependent slip
inversion results from TDEFNODE (see Methods) during the time following the Kaikdura M7.8 earthquake. Slip amounts on the interface are shown in
centimetres (yellow to red colours), and horizontal displacements for the cGPS sites from the best-fitting model are shown as arrows (with scale). Fits for
this model to the cGPS time series are in Supplementary Fig. 4. The blue circles are earthquakes from the GeoNet catalogue for each time slice, and the
green circles are repeating earthquakes determined from template matching (see Methods). The focal mechanism on the fifth panel is for the M,, 6.0
thrust event on 22 November 2016 from www.geonet.org.nz.
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Figure 4 | Stress changes on the Hikurangi interface induced by the Kaikoura earthquake. a,b, Changes in dynamic stress (using a 3D velocity model) (a)
and static stress (b). Dynamic-stress change is the maximum during the time period considered. The green contour outlines triggered SSE. The inset in the
upper left shows the static-stress change at the same colour scale as the dynamic-stress change. Dynamic- and static-stress changes assume an effective

coefficient of friction = 0.1. The graphs in a show stress change with time during the earthquake predicted by our rupture model at specified points on the

subduction interface (y axis is stress change in kPa). Note the different colour scales for the stress change in a and b. ¢, Peak dynamic-stress changes using
a 1D, layered velocity model. d, Duration of positive dynamic stressing >50 kPa for the 3D case (1D model durations in Supplementary Fig. 9).

more”. This makes a static-stress triggering origin for the east coast
SSE unlikely.

Dynamic-stress changes due to passing seismic waves can be
on the order of tens to hundreds of kilopascals (ref. 40), even at
great distances from an earthquake'. Using a kinematic source
model of the M7.8 Kaikoura earthquake derived from the above-
mentioned slip model and local strong-motion and high-rate
GPS waveforms (Methods), we compute the corresponding time-
dependent Coulomb stress changes on the Hikurangi subduction
interface assuming an effective coefficient of friction of 0.1. The
pattern of maximum dynamic-stress changes on the subduction
interface depends on four primary factors: the proximity to the
source, interface depth, local three-dimensional (3D) velocity
structure, and earthquake source processes including rupture
directivity (Fig. 4a). To first order, the regions of large dynamic-
stress changes are controlled by northeastward rupture directivity
during the earthquake. At a large (>200km) distance from the
source, the amplitude of surface waves, which is the largest signal
in the velocity waveforms, sharply decays with depth. Since the

amplitude of velocity waveforms is approximately proportional to
that of stress changes, shallower interface regions become more
susceptible to dynamic triggering of slip events.

Most remarkably, a basin effect combined with rupture directivity
is observed on the shallow interface overlain by the low-velocity
(V, <2,500 ms™") sedimentary wedge of the outer forearc (Sup-
plementary Fig. 7), trapping the seismic energy and amplifying
dynamic-stress changes there. Offshore the North Island’s east coast,
at distances of more than 250 km from the Kaikoura earthquake,
these dynamic-stress changes are 100 to 600 kPa (Fig. 4a), approx-
imately 1,000 times larger than the expected static-stress changes
(Fig. 4). In contrast, dynamic-stress changes predicted for the deeper
portions of the interface <100km from the Kaikoura earthquake
are smaller (50 to 100kPa; Fig. 4a). In a region south of the
southern Hawkes Bay SSE, the plate interface is fully locked”, and
there were no observable SSEs following the earthquake despite
large (>400kPa) dynamic-stress changes (Fig. 4a). To demon-
strate the role that the low-velocity sedimentary wedge of the
outer forearc plays, we compare amplitude and duration results
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Methods

GPS and seismological data used in this study are available from
www.geonet.org.nz.

Inversions for SSE slip using TDEFNODE. SSE slip inversions in Figs 1 and 3 are
undertaken with TDEFNODE* (http://web.pdx.edu/~mccaf/www/defnode/
tdefnode.html), which is a nonlinear time-dependent inversion code that applies
simulated annealing to downhill simplex minimization. We invert the cGPS time
series of GeoNet sites in the North Island for: a time-constant describing the
temporal evolution of two transient events describing the northern and central
Hikurangi SSE slip; and the maximum amplitude of slip at 60 nodes on the
interface offshore the central and northern Hikurangi margin. Slip on fault patches
between the nodes is determined by bi-linear interpolation. TDEFNODE uses basis
functions to describe the temporal evolution of slip at the nodes, thus reducing the
number of free parameters required to replicate the temporal evolution of the SSE.
We assume an exponential function to approximate the time history of slip in the
northern half of the SSE, and a Gaussian function for the southern half of the SSE.
Decisions on which functional forms to use for each transient were determined by
trial and error—due to the immediate and rapid onset of the northern SSE region,
an exponential function fitted the cGPS time series better for the northern
Hikurangi portion of the SSE, while a slower rise time for the SSE at the central
Hikurangi margin (southern Hawkes Bay) was better approximated by a Gaussian
function. We assume slip on the plate interface occurs in the direction of plate
motion slip determined by previous elastic block modelling results”; for the east
coast, slip is almost completely in the down-dip direction. Fits to many of the time
series are shown in Supplementary Fig. 4a (24-h solutions) and Supplementary
Fig. 4b (8-h solutions).

Inversions for SSE slip using the Network Inversion Filter. We use the Network
Inversion Filter’” (NIF) to create a time-dependent model of slip and slip rate on
the plate interface for the period 14 November 2016 to 1 January 2017 (see
Supplementary Fig. 2). At each time t, this Kalman-filter-based method models a
vector of station positions d() as a sum of a vector of initial positions (d(t,)); the
product of a matrix of Green’s function multipliers that map slip on each triangular
subfault to displacement at each station (G) and the slip on each subfault since the
initial time #, (s(t — ,)); the product of a matrix representing a shift of the entire
network (F) and time-varying reference frame errors (f(¢)); the random walk errors
as a function of time (1(¢ — £,)); and white noise (€) (equation (1)).

d(t) =d(t,) + Gs(t — t,) + FE(t) +1(t — t,) + € )

The NIF first steps forward and then steps backward through the data, creating a
model at each time step that is dependent on all past and future data. The power of
the NTF lies in its ability to simultaneously model all data from all stations, allowing
better discrimination of signal versus noise. The NIF implements both temporal
and spatial smoothing hyperparameters, referred to as « and y respectively.
Temporal smoothing is implemented in the process noise matrix*, and Laplacian
spatial smoothing is implemented via a pseudo observation method”. Temporal
smoothing is performed both forwards and backwards in time. This creates a more
stable model but allows changes in slip rate that appear in the model before
displacement rates change at the GPS stations, typically by a few days*. This is the
most likely explanation for why slip in the southern Hawkes Bay region appears
earlier and lasts longer in the NIF-based model as compared with the TDEFNODE
inversion results (Fig. 3 and Supplementary Fig. 2). The smoothing parameters are
chosen to be the same as those in a previous large-scale NIF-based study of SSEs in
Hikurangi®, and uncertainties in the model are also discussed there. A weak
non-negativity constraint is imposed on slip rate®.

GPS data processing. The 24-h solutions used in the time-dependent inversions
are provided by GeoNet, and more details on the processing used for these can be
found at http://www.geonet.org.nz/data/supplementary/gnss_time_series_notes.
For the 8-h solutions (Fig. 2, right panels), the data were analysed using the
GAMIT/GLOBK software, version 10.6. The New Zealand ¢GPS data were divided
into 8-h sessions for better temporal resolution but using a 24-h running window of
reference station and orbit data in the analysis. We solve for station coordinates in
the ITRF14 reference frame, satellite orbit and Earth rotation parameters,
atmospheric zenith delay every 2 h, and three atmospheric gradients per day. The
1GS14 azimuth- and elevation-dependent absolute phase centre offsets were applied
to all antennas and ocean loading was corrected for using the FES2004 model.

Calculation of dynamic-stress change. Dynamic-stress changes on the Hikurangi
subduction interface induced by the M7.8 Kaikoura earthquake waves are
computed using the open-source seismic wave propagation software
SPECFEM3D***'. Our approach incorporates the latest 3D velocity and attenuation
models for the North Island of New Zealand** (Supplementary Fig. 7). To
compute dynamic-stress changes, a kinematic source model of the Kaikoura
earthquake is needed. Here the Kaikoura earthquake is approximated as a finite
fault represented by 3,122 point sources with a Gaussian source-time function with
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the half duration of 2.5 s. We use a geodetically derived slip model*' as a constraint
for the fault geometry and the final slip distribution, and vary only the rupture
initiation times of fault segments associated with the Kaikoura earthquake
(Supplementary Fig. 5). The rupture initiation times are calibrated by comparing
synthetic velocity waveforms to 21 near-field strong-motion and high-rate GPS
waveforms filtered between 3 and 60 s. We then use the best-fit source model and
compute time-dependent stress perturbations filtered at a period of 3 s and longer,
which are resolved into normal and shear stresses on the subduction interface. Near
the source (<50 km from the rupture region), equivalent static-stress changes—the
difference between the initial and final stress changes—are in good agreement
(<10%) with those derived from a method that assumes a homogeneous elastic
half-space (Fig. 4b). Numerical simulations are run on New Zealand’s NeSI
supercomputing cluster.

To assess the accuracy of dynamic-stress changes, which are approximately
proportional to the amplitude of velocity seismograms, we compare the magnitude
of three-component velocity seismograms |v| filtered between 3 and 60's to
observed ones at strong-motion stations across New Zealand (Supplementary
Fig. 6). To minimize the site effects, stations classified as either ‘hard rock, ‘rock’ or
‘shallow soil’ sites™ are used for the comparison. The maximum amplitudes of |v|
in the model agree well with the data (Supplementary Fig. 6). The histogram of the
errors between computed and observed maximum amplitude of |v|, error =
(max(|v[¥™) — max(|v|**))/ max(|v|**)), is approximately log-normally
distributed with the standard error of 34% (Supplementary Fig. 6). This means that
the standard error in dynamic-stress changes is probably on a similar order. Some
stations near the east coast of the North Island show surface ground motion lasting
longer than 150 s that is not captured by the synthetic waveform (Supplementary
Fig. 6), indicating that the actual seismic velocity in the low-velocity sedimentary
wedge is even smaller than the current 3D model (Supplementary Fig. 7).

To quantify the amplification of dynamic stresses on the plate interface due to a
low-velocity sedimentary wedge, we computed equivalent stress changes using a
1D, layered velocity model. The 1D velocity model was derived from the spatial
average of seismic velocities (V, and V;), densities and anelastic attenuations (Q,
and Q,) at difference depth slices within the North Island that excludes the
offshore, low-velocity region (Supplementary Fig. 7). The peak amplitude and
duration of positive dynamic stresses >50 kPa are compared in Fig. 4 and
Supplementary Fig. 9. Both the peak amplitude and duration of large stress changes
in the SSE source region are larger in the simulation with the 3D velocity model
than the 1D layered model, suggesting that the triggering of the SSEs was enhanced
by the basin effect combined with rupture directivity.

Detection of repeating earthquakes. Repeating earthquakes in this region are
detected on the basis of waveform cross-correlations of 17,962 events within the
rectangular region (longitude: 175.5° E-177.5° E; latitude: —41° S-40° S) from

1 January 2010 to 10 January 2017. The method generally follows that used
previously’"** and is briefly described here. We first download the event-based
waveforms from the GEONET. Then we apply a 2-16 Hz bandpass filter to the
vertical-component data, and compute cross-correlation (CC) values for all 56
stations with a minimum number of 1,000 events. We use 0.5 s before and 15.5 s
after (total 16 s window) the network picked P-wave arrivals for computing the CC
values with a maximum time lag of 4 s. Next, we select as a potential repeating
event pair when at least two stations have CC values greater than 0.95. The
resulting repeating pairs are grouped into repeating clusters using an equivalency
class algorithm®>*. Supplementary Fig. 10 shows the waveform example of cluster
C1369 recorded at station PRHZ. Out of 17,962 events, we detect a total of 1,398
repeating clusters (with at least two members in each cluster), and the total number
of repeating events is 4,082 (~23%). Most repeating earthquakes occurred in the
aftershock zone of the 20 January 2014 M6.23 Eketahuna earthquake
(Supplementary Fig. 9). However, we also observe many repeating clusters near or
off the coast of southern Hawkes Bay. Their occurrence was probably associated
with the shallow SSE (Fig. 3).

Data availability. All GPS and seismological data used in this study are available at
www.geonet.org.nz.
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