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Abstract

In September 2014, a five week long slow slip event (SSE) occurred near Gisborne at the northern
Hikurangi subduction zone, New Zealand, and was recorded by offshore instruments deployed by the
Hikurangi Ocean Bottom Investigation of Tremor and Slow Slip (HOBITSS) project. Up to 25 cm of
slip occurred directly below the HOBITSS array. We calculate shear wave splitting (SWS) and Vp /Vs
ratios for event-station pairs on HOBITSS ocean bottom seismometers and onshore GeoNet seismic
stations to determine the relationship in time and space between slow slip and these seismic proper-
ties. Spatial averaging of SWS fast azimuths yields trench-perpendicular fast azimuths in some areas,
suggesting that compressive stress from plate convergence closes microcracks and controls anisotropy
in the upper-plate. Variations from the trench perpendicular directions are observed near a subducting
seamount, with directions closely resembling fracture and fault patterns created by subducting seamounts
previously observed in both laboratory and field experiments. Temporal variations in fast azimuths are
observed at three stations, two of which are located above the seamount, suggesting measurable varia-
tions in stress orientations. During the SSE, median Vp/Vs measurements across all offshore stations
increase from 1.817 to 1.894 and SWS delay times decrease from 0.178 s to 0.139 s (both changes are
significant within 95% confidence intervals). Temporal variations in Vp/Vs and delay time are consis-
tent with fluid pressurization below a permeability barrier and movement of fluids during the rupture of

a slow-slip patch.

1 Introduction

Slow slip events (SSEs) are characterized as slow, earthquake-like motions that release energy
over periods ranging from days to years. Understanding the physical processes occurring during SSEs
is particularly important from an earthquake hazard perspective, as SSEs may influence the timing of
nearby large earthquakes (e.g., Obara and Kato, 2016), or alternatively be triggered by earthquakes (e.g.,
Wallace et al., 2018). The driving mechanisms behind the occurrence and nucleation of SSEs are still
poorly understood, but observational and modelling studies suggest that SSEs arise in the transition zone
between velocity strengthening (i.e., aseismic creep) and velocity weakening (i.e., stick slip) behavior on

the plate interface, possibly in the presence of high fluid pressures (e.g., Audet et al., 2010).

From May 2014 to June 2015, the Hikurangi Ocean Bottom Investigation of Tremor and Slow
Slip (HOBITSS) project deployed 15 Ocean Bottom Seismometers (OBS) and 24 Absolute Pressure
Gauges (APG) with the goal of recording offshore seismological and geodetic data during an SSE (Wal-
lace et al., 2016). From late September to late October 2014 an SSE occurred offshore Gisborne, di-
rectly below the HOBITSS array (Figure 1; Wallace et al., 2016). The September-October 2014 Gis-

borne SSE is the first in New Zealand to be recorded by offshore instruments.

Here, we use local earthquake data from nine HOBITSS OBSs and nine GeoNet permanent land-
based seismic stations to determine crustal anisotropy, where most S-phases travel directly from the

source to receiver. As a shear wave enters a seismically anisotropic medium it is split into two orthogo-
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nally polarized quasi-shear waves with a fast and slow polarization (Crampin, 1981). The anisotropy is
represented by two splitting parameters; @, the polarization of the fast azimuth (or "fast azimuth") of the
anisotropic material and ¢¢, the delay time accrued during the travel through the anisotropic material.
The delay time is dependent on the path length within the anisotropic material and the difference be-
tween the velocity of the fast and slow polarized waves. If anisotropy changes along the path, the split-

ting will be most sensitive to the last layer traversed (e.g., Rumpker and Silver, 1998).

In the crust, anisotropy is mainly caused by either pre-existing structural features, such as faults
and dikes, or by the preferential closing of microcracks at particular orientations as a response to hori-
zontal differential stresses (Babuska and Cara, 1991). In the upper crust, fast azimuths tend to be par-
allel to fluid filled microcracks and to the maximum principal stress (Crampin, 1981). Differential hori-
zontal stress will preferentially close the cracks that are oriented orthogonal to the maximum horizontal
compressive stress (Sgmax; Nur, 1971). Cracks tend to close completely with depth due to lithostatic
pressure. Therefore, most studies of upper crustal anisotropy find little change in splitting with depth,
suggesting that the top few kilometers are most important for splitting measurements (e.g., Savage et al.,
2010). Cracks are also important in controlling the ratio of the speeds of seismic compressional and
shear waves, Vp/Vs. With higher quantities of liquid-filled cracks, S wave velocities are reduced more
than P waves and hence the ratio increases (Nur, 1971). In this paper we use the complementary sensi-
tivity of Vp/Vs and SWS measurements to cracks in the upper crust to evaluate the stress field before,

during and after the September-October 2014 SSE.

1.1 Hikurangi Subduction Zone and the September-October 2014 SSE

The Pacific and Australian plates converge through the North Island region at ~50 mm/yr, at an
oblique angle to the orientation of the plate boundary (Figure 1; e.g., Wallace et al., 2004). Slip is par-
titioned with the trench perpendicular component accommodated on the subduction thrust, and a trench
parallel component largely accommodated by upper-plate strike-slip faulting and clockwise rotation of
the North Island forearc (Beanland and Haines, 1998; Wallace et al., 2004). North Island’s main geolog-
ical features, such as the Raukumara mountain ranges and the North Island Dextral Fault Belt, tend to
follow a trench parallel, NNE-SSW, direction (Beanland and Haines, 1998). Focal mechanisms from the
Raukumara Peninsula region show a maximum compressive stress that is trench parallel in the overrid-

ing plate (Townend et al., 2012).

Since 2002, more than 30 SSEs have been documented and observed in New Zealand using con-
tinuous Global Positioning System data (cGPS; e.g., Wallace and Eberhart-Phillips, 2013; Wallace et al.,
2016). These events vary in duration, from six days to 1.5 years, with equivalent moment release from
Mw 6.3-7.2, depths from 2-60 km, and recurrence intervals of 2 to 5 years (e.g., Wallace and Beavan,
2010). The SSEs occurring offshore the east coast of the northern Hikurangi trench are of particular

interest due to their shallow depth (less than 15 km), shorter recurrence intervals (<2 years), short du-
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ration (a few weeks or less) and large horizontal deformation signals (1-3 cm) on onshore stations (e.g.,

Wallace and Beavan, 2010; Wallace et al., 2016).

A total of four SSEs (SSE1-SSE4) occurred within close proximity to the HOBITSS array dur-
ing the deployment; the timing of SSE1-4 were calculated from time-dependent geodetic inversions by
Warren-Smith et al. (2019). SSE1, the earliest and longest, occurred south of the array, between Septem-
ber and November 2014. The September-October 2014 SSE (SSE2) started 20 days after the start of
SSEI, directly beneath the array and was the largest and best recorded SSE; it was recorded on APGs
as well as onshore permanent cGPS stations (Figure 1; Wallace et al., 2016). We emphasize the main
pulse of SSE2, between Julian days 265-285. Tremor and repeating earthquakes began a few days before
day 285 (Todd et al., 2018; Shaddox and Schwartz, 2019). SSE2 tails off between days 286-300 (Warren-
Smith et al., 2019), so that the extended period of SSE2 is five weeks long; the tremor and repeating
earthquakes continue throughout the tail-off period. The vertical deformation resolved from the HO-
BITSS APGs during SSE2 enabled better delineation of the trench-ward extent of SSEs and suggests
that slip occurred to within 2 km of the seafloor, and perhaps all the way to the trench (Wallace et al.,
2016). SSE3 occurred in December 2014 just southwest of the array and SSE4 occurred in February

2015, also southwest of the array.

1.2 Previous Results
1.2.1 Shear Wave Splitting Results

Previous SWS analyses across the Raukumara Peninsula using local earthquakes have shown mainly
trench-parallel fast azimuths, ranging from ~0° to 30°, on the eastern side of the Raukumara Penin-
sula, and larger variations in azimuths further west (Figure 1; Head, 2001; Audoine et al., 2004; Unglert,
2011). Our dataset complements that of previous studies and extends crustal splitting results offshore for

the first time.

1.2.2 Vp/Vs

Typically, Vp/Vs ratios are thought to increase when fluid pressures approach lithostatic, or in
areas with high clay content (e.g., Eberhart-Phillips et al., 2017). Tomographic studies have shown
that regions of slow-slip have elevated fluid pressures and tend to have high Poisson’s ratios and high
Vp [/ Vs ratios (e.g., Audet et al., 2010). Seismic attenuation (Eberhart-Phillips et al., 2017) and residual
travel-times (Bassett et al., 2014) are both higher in the Northern Hikurangi trench than they are fur-
ther south for similar depths. This is consistent with a more fluid-rich system in the north. The source
area of a deep SSE occurring in Central Hikurangi, ~100 km southwest of the September-October 2014
SSE, coincides with a high Vp/Vs area, ranging from ~1.7-1.8, and is interpreted as a fluid-rich and
highly over-pressurized region (Wallace and Eberhart-Phillips, 2013). The subduction interface is lo-

cated at ~15 km beneath the Gisborne area, with a westerly 10° dip (Williams et al., 2013). Subduct-
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ing seamounts are imaged between the east coast of the Raukumara Peninsula and the Hikurangi trench
(Figure 1; Bell et al., 2010), and many more seamounts protrude above the sedimentary cover on the
not-yet subducted Pacific Plate. Zones of high-amplitude interface reflectivity are associated with these
subducting seamounts and have been interpreted as entrained fluid-rich sediments that may promote
slow slip (Bell et al., 2010). These high-amplitude reflectivity regions of the plate interface are asso-
ciated with high Vp/Vs (~1.8) and low seismic attenuation ratios (Qs/Qp <1; Eberhart-Phillips et al.,

2017).

Temporal and spatial variations in Vp/Vs have been observed during large earthquakes and SSEs.
Husen and Kissling (2001) found an increase in Vp/Vs above a suggested permeability barrier following
the 1995, 8.0 Mw, Antofagasta Earthquake on the plate interface in Chile. They proposed that a per-
meability barrier allows lithostatic pore pressures to build along the seismogenic zone while hydrostatic
pore pressures remain in the overlying crust. Furthermore, they suggest that only large earthquakes, such
as the Mw 8 Antofagasta earthquake, can break these permeability barriers on a scale large enough to
induce enough fluid flow to change Vp/Vs observations. However, observations by Nakajima and Uchida
(2018) in Kanto Japan show cyclic variations in seismic attenuation and seismicity rates with the oc-
currence of SSEs and conclude that such permeability barriers may also break during SSEs. Recently,
Warren-Smith et al. (2019) helped support this model; they used focal mechanisms from the HOBITSS
OBS dataset to show that both crustal stress and fluid pressure temporally evolve through SSE cycles,
suggesting that recurring breaches of permeability barriers also occur in the Hikurangi subduction zone

in regions of shallow slow slip.

2 Data

The HOBITSS OBSs consisted of 10 Lamont-Doherty Ocean Bottom Seismograph Instrument
Pool (OBSIP) broadband OBS (LOBS) and five University of Tokyo/Earthquake Research Institute short
period OBS (EOBS; Wallace et al., 2016). The array was deployed offshore Gisborne from May 2014
to June 2015 and complemented the onshore GeoNet network (Figure 1). We have calculated the hor-
izontal orientations of the HOBITSS OBS receivers using both a P-wave (Zietlow, 2016) and Rayleigh
wave (Stachnik et al., 2012) method (Section S1). The earthquakes used for orientation analyses are pre-
sented in Table S1 and our orientation results are presented in Table S2 and provide the basis for further
analyses using all three components in the HOBITSS project. LOBSI, 2, 4, 5, 6, and 10 had instrument
problems and/or did not acquire enough data for instrument orientation and are omitted from further
analysis in this study. Using the HOBITSS earthquake catalog of Yarce et al. (2019), with our depth
constraint (<50 km depth), yields 2,140 earthquakes with magnitudes ranging from ML 0-4.73 (Figure
2). The median depth of the earthquakes is 23 km, with most earthquakes occurring in the subduct-
ing plate. We manually picked an additional 14,311 P and S arrivals at offshore stations EOBS1-5 and
LOBS3, 7, 8, and 9. We combined these picks with 32,394 P and S arrivals from Yarce et al. (2019)

on the same nine offshore stations and nine onshore GeoNet stations (CNGZ, KNZ, MHGZ, MWZ,
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Figure 1. Locations of onshore Geonet (http://www.geonet.org.nz) seismic stations (red triangles) and HOBITSS ocean
bottom seismometers (green triangles) off the coast of Gisborne (EOBS, short period ocean bottom seismometers; LOBS,
broadband ocean bottom seismometers). Station names have been shortened from LOBS and EOBS to L and E. Pink tri-
angles represent seismic stations not used in this study. Blue triangles are GeoNet cGPS stations. Mean fast azimuths from
previous studies have been plotted inside white circles. Slip contours (in mm) for the September-October 2014 SSE (SSE2)
are from Wallace et al. (2016); dotted contours of plate interface (in km) are from Williams et al. (2013); dashed red line
of plate boundary interface is from Coffin et al. (1998); black line marked 0SCM-04 is a 2-D seismic profile (Barker et al.,

2009); solid black lines of active faults are from Litchfield et al. (2014).

PRGZ, PUZ, RIGZ, TKGZ, TWGZ), resulting in 15,072 P-S phase pairs, where both P and S arrivals

were present on the same seismogram.

Stations LOBS3, 7 and 9 experienced timing issues. These timing issues do not affect SWS re-
sults but could alter Vp/Vs results. To test for systematic affects from these stations we compared the
Vp /Vs results for stations with and without timing errors (Section S2; Figure S1). We find only minor

differences in these two subsets, so these stations are included in the analyses.
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Figure 2. Earthquake locations in our study area, and above 50 km depth, selected from the HOBITSS catalog (Yarce
et al., 2019). The catalog runs between May 2014 to June 2015 and earthquake magnitudes (ML) range from O to 4.73. Slip
contours for SSE2 (in mm) are from Wallace et al. (2016); dotted contours of plate interface (in km) are from Williams et al.

(2013).

3 Methods
3.1 Automatic Shear Wave Splitting (MFAST)

The splitting was analysed using MFAST (Multiple Filter Automatic Splitting Technique; Savage
et al., 2010). MFASTv2.2 executes the following steps: (1) apply multiple band-pass filters on the S ar-
rival waveform and calculate the best product of signal-to-noise ratio (SNR) and bandwidth; (2) apply
the SWS algorithm of Silver and Chan (1991) to perform a grid search over the fast azimuth and de-
lay time parameter space and determine the best parameters that correct for splitting, measured by the
minimum of the smallest eigenvalue of the corrected particle motion; (3) automatically analyse multi-
ple measurement windows, whose length is based on the period of the wave and whose starting values
depend on the S arrival, using the Silver and Chan (1991) methods, and determine the best window us-
ing the cluster analysis technique of Teanby et al. (2004); (4) assign a grade from A to D, based on the
SNR, uncertainty, distinctiveness of the cluster, and whether the measurement is a null (Savage et al.,

2010).
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The incidence angle for each event-station pair was determined using the Taup Toolkit (Crotwell
et al., 1999) with a 1-D velocity model created for the study area from the 3-D model by Eberhart-
Phillips et al. (2010). Because rays with incidence angles greater than 35 degrees from vertical are out-
side the shear wave window, they were excluded from the analyses (Nuttli, 1961). Delay times typically
show more scatter compared to fast azimuths (e.g., Gao and Crampin, 2006). We used both A and B

grade measurements for our analyses (examples are shown in Figures S2 and S3, respectively).

32 Vp/Vs

We calculated the ratio of P- to S-velocities at each station for all 15,072 P-S phase pairs (10,035
offshore, 5,037 onshore). Not limited to A and B grade measurement criteria, the quantity of phase
pairs was larger than that for SWS analysis. Following the approach of Wadati and Oki (1933) we cal-
culated an average ratio of P- to S-velocity (Vp/Vs) along the ray path from the arrival times at each

station:

Vp[Vs =ts/tp

where tg = Ts — Tp and tp = Tp — T, with Ts and Tp being the arrival times of the S- and P- wave,

respectively, and Tp is the origin time of the earthquake.

3.3 Moving Averages and 95% Confidence Intervals

To look for temporal changes at each station, we determined the moving median values of all
Vp/Vs and SWS delay time measurements. We calculated the 95% confidence intervals (CIs) of the me-
dian using the method of Altman et al. (2000) (Section S3). Generally, the median is more robust than
the mean, and less sensitive to outliers, but is difficult to apply to azimuthal values. Therefore, tempo-
ral analysis of fast azimuths uses circular means with confidence intervals determined by bootstrapping

(Section S3).

We chose a 20-day window, with a window step of 1 day, after examining several window lengths.
The 20-day time window was narrow enough to reveal changes within the 35 day-long SSE2 without
excessive smoothing and wide enough to provide acceptable confidence intervals. The 20-day moving
windows are plotted at the center of the window, so any observed changes could start 10 days earlier or

later.

3.4 Spatial Averaging

To calculate spatial averages of fast azimuths, (®), we used the Tomography Estimation and Shear-
wave-splitting Spatial Average (TESSA) package by Johnson et al. (2011) over a spatial area focused on
the SSE region and using a subset of 1,893 earthquakes. TESSA works by gridding the area and then
assigning the fast azimuths for each earthquake to every spatial grid-block through which the ray passed.

To account for potential overprinting of @ later in the path, the individual @ values within each grid-

6]
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block are weighted inversely proportional to the square of the distance from the station. We assigned a
minimum block size of 3 km which resulted in 10-65 rays passing through each grid-block (Figure S4).
Fast azimuths were not plotted for blocks with standard deviation of the average greater than 30° and
standard error larger than 10° and for areas with sparse raypath coverage (mainly in the eastern study

area; Figure S4).

4 Results

4.1 Fast Azimuths and Spatial Averaging
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Figure 3. Rose diagrams of fast azimuths calculated using MFAST (Savage et al., 2010). Rose diagrams are plotted on the
stations at which measurements were made. The lengths of the sectors are proportional to the square root of the number of
measurements in each sector. Red arrows are the means and are scaled by their resultant length. S2 and S3 indicate areas of
seamounts. H/, H2, and H3 indicate high-amplitude reflectivity zones and L/ is a lens reflectivity zone (Bell et al., 2010),
with updated S2 boundary from Barker et al. (2018). Slip contours (in mm) for SSE2 are from Wallace et al. (2016). Dashed

black lines mark active faults from Litchfield et al. (2014).
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A total of 10,676 splitting measurements (8,333 offshore and 2,343 onshore) yielded A and B
grades. Figure 3 shows rose diagrams of the fast azimuths plotted at the station at which measurements
were made. Mean fast azimuths vary across both onshore and offshore stations. To distinguish sta-
tions with significant mean fast azimuths from those with uniformly distributed fast azimuths, we used
a Rayleigh test for circular uniformity (Rayleigh test p-value <0.05 shows a significant mean fast az-
imuth). All stations, except CNGZ and MHGZ, have significant mean azimuths with more than 100
measurements (Table 1). Therefore, CNGZ and MHGZ were excluded from the station average inter-

pretation.

We observe complexity in the rose diagrams and in the spatially averaged fast azimuths (Figures
3 and 4). A trench-perpendicular NW-SE mean ® azimuth is observed in the southern offshore region,
across stations LOBS9 and EOBS5. The NW-SE trend is disrupted near the western, downdip, portion
of seamount S2 and across the related high-amplitude reflectivity zone H2, similar to changes observed
in mean fast azimuths at stations EOBS1, 2, 3 and LOBS7 in Figure 3. Onshore stations PRGZ, RIGZ,
and PUZ show a N-S trending mean azimuth. Stations MWZ and TWGZ have a NE-SW azimuth, sta-
tion KNZ has a ENE-WSW azimuth and TKGZ has an azimuth closer to E-W.

4.2 Temporal changes in Fast Azimuths, Delay Time and Vp/Vg Measurements

Figure 5 shows Vp/Vs, 6t, and @ for individual offshore stations as a function of time. Stations
LOBS9 and EOBSI1 and 4 experience large changes in @ but their calculated 95% confidence intervals
are large and span ~180° at certain times. Station LOBS9 exhibits a ~180° change in ® before SSE2,
with ® rotating from ~-70° (NW-SE) to ~90° (E-W) between Julian days 240 and 270. LOBS9 is lo-
cated south of seamount S2, on a bend in the slip contours. Stations EOBS1 and EOBS4 exhibit a ~90°
rotation in @ during SSE2, between Julian days 255-310. EOBSI rotates from ~135° (NW-SE) to ~30°
(NE-SW). EOBS4 rotates from ~0° (N) to ~-70° (NW-SE). Both stations EOBS1 and EOBS4 are lo-
cated between seamount S2 and associated high-amplitude reflectivity zone H2. @ at stations LOBS3, 7,

8 and EOBS2, 3 and 5 are generally more stable with time.

An increase in Vp/Vg occurs at all offshore stations during the main slip pulse of SSE2 (Figure
5). A decrease in delay times occurs during SSE2 at stations EOBS2, 3, 4, and 5, and LOBS3. Station
EOBSI1 and LOBS7, 8 and 9 exhibit relatively stable delay times during this period. Thus, at five sta-

tions, we observe both a decrease in delay time and increase in Vp/Vg during SSE2.

Because the majority of raypaths travel through or directly above the SSE patch, we stack the tem-
poral Vp/Vs and SWS delay time measurements to help reinforce variations seen at individual stations
(Figure 6). The stacking highlights a regional decrease in Vp/Vs starting at Julian day 248, from 1.860;
CIs [1.844, 1.872] to 1.817; CIs [1.806, 1.830], over the 15 days leading up to SSE2. During SSE2
Vp /Vs increases from 1.817 to 1.894; CIs [1.882,1.907]. Following the main slip pulse (Julian day 285),
Vp /Vs decreases back to 1.833; CIs [1.826, 1.842] around Julian day 11, 2015.

—10-
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The delay times show an inverse trend to Vp/Vs and less variation overall (Figure 6). Prior to
SSE2, the delay time increases from 0.143s; CIs [0.131s, 0.154s] to 0.178s; CIs [0.206s, 0.158s], over
~50 days. During the main SSE slip pulse, the delay time decreases from 0.178s to 0.139s; CIs [0.128s,
0.150s]. The delay time then returns to the initial value of ~0.156 over ~50 days. Similarities in the
moving medians of Vp/Vs and delay time observations suggest that variations associated with the occur-

rence of SSEs are a regional process that can be widely observed.

To test the effects on Vp/Vs and delay time by stacking stations located on the outskirts of SSE2,
we compare our results from stacking all the stations to only the stations (LOBS7, LOBS8, EOBS2,
EOBS)5) located in the center of the SSE and stations (LOBS3, LOBS9, EOBS1, EOBS3, EOBS4) lo-
cated outside of the SSE (Figure S5). We observe a similar trend in the different station distributions,
although the trend for the stack of stations located closest to the center of the SSE shows a stronger sig-
nal in both Vp/Vs and delay time, suggesting that the area of highest slip has the greatest effect on our

observed measurements.

The second largest change in Vp/Vs is observed starting on day 26 (2015; Figure 6), with values
increasing from 1.833; CIs [1.826, 1.842] to 1.892; CIs [1.879, 1.906] and has no matching signal in
the delay time measurements. To investigate the isolated Vp/Vs change we examined earthquakes during
this time and found a cluster of 31 onshore earthquakes between Julian days 36-39, 2015 (Figure S6).
Earthquakes located in the same area as this cluster but at different times produce high Vp/Vs values,
close to 1.9. The 20-day length of the moving window, plotted at the center of the window, causes a 10-
day shift in the start of the associated Vp/Vs increase. To test for the influence of the cluster on Vp/ Vs,
we removed it and the resulting Vp/Vs no longer shows an increase (Figure S6). The lack of change of
delay time with Vp/Vs indicates that the inverse variation in the delay time signal is essential to distin-

guishing physical changes from spurious variations in the data.

To test for temporal variations due to variations in earthquake locations we examine sub-catalogs
of 159 earthquakes that have near-identical locations at different times (Section S4; Figure S7). Figure
S8 shows the stack of earthquakes using our spatial sub-catalogs from Figure S7 for offshore (E-F) and
onshore (G-H) stations. We observe similar temporal variations in Vp/Vs and 6 from earthquakes oc-
curring in our spatial sub-catalogs compared to using earthquakes from the entire catalog for offshore
stations, although the confidence intervals of the former are larger (Figure S8). This result suggests that
spatial variations in earthquake locations are not a major contributor to the observed Vp/Vs and 6t tem-

poral variations.

In laboratory studies, apparent Vp/Vs ratios vary considerably by changing the raypath angle, be-
tween perpendicular and parallel, relative to the crack fabric (Wang et al., 2012). However, we do not
observe significant changes in Vp/Vs related to varying incidence angle (Figure S9) and thus do not

consider incidence angle as a contributor to the observed temporal changes.
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between the Pacific and Central Hikurangi blocks [from Wallace et al. (2004)].
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Figure 6. Top: Vp/Vs change on stack of all offshore stations for entire catalog (9,056 measurements). Blue lines indi-
cate upper and lower 95% confidence intervals. Horizontal green line shows median Vp /Vg for all measurements. SSEs are

shaded and labeled 1-4. The main pulse of SSE2 is shaded red. The red dashed vertical line marks the extended duration of

the low-level slip associated with SSE2. Bottom: Delay time change on stacked offshore stations (8,333 measurements). Red

lines indicate upper and lower 95% confidence intervals. Green line shows median delay time for all measurements.

5 Discussion

Most stations have a significant mean fast azimuth (Figure 3; Table 1). Mean fast azimuths from
previous results by Unglert (2011), at onshore stations PUZ, KNZ, and MWZ (Figure 1), closely match
the mean fast azimuths obtained in this study for the same stations (Figure 3). Onshore stations tend to
exhibit N-S or NE-SW azimuths and are oriented parallel or sub-parallel to nearby normal faults (Figure

3; Litchfield et al., 2014).

Spatial averaging (Figure 4) helps to reveal trench perpendicular fast azimuths, NW-SE, in the
southeastern portion of the array, east of Mahia peninsula, into the slip region, and across stations EOBS5
(323°; CIs [317°, 329°]) and LOBS9 (296°; CIs [291°, 301°]) and the lens reflectivity zone (Bell et al.,
2010), LI (Figure 3). The NW-SE fast azimuths are sub-parallel to the convergence direction near the
trench, ~294° (Pacific and Central Hikurangi blocks, Wallace et al., 2004), suggesting that regional

stresses, induced by plate convergence, are dominant in this region.

The fast azimuths around the seamount S2 resemble fracture and fault patterns previously iden-
tified around subducting seamounts in both field and laboratory studies (Figure 4; Inset A; Dominguez
etal., 1998). Seamount S2 spans an area of ~30 km, and the observed variable fast azimuths extend

around the downdip edge of the seamount, where stresses are expected to be highest (Baba et al., 2001).
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The location of the high-amplitude reflectivity zone, H2, is consistent with shear zone deformation in
front of subducting seamounts (Baba et al., 2001; Bell et al., 2010). The resemblance of the fast az-
imuths to seamount fracture patterns indicates that these directions may be structurally controlled through
faulting. The complex fracture pattern and stress distribution created by subducted seamounts creates
numerous connected fluid pathways that could promote slow slip around the seamount (Shaddox and
Schwartz, 2019). Todd et al. (2018) found that tremor during SSE2 is localized in the vicinity of seamount
S2 and S3 and suggest that tremor may be triggered by stress changes induced by slow slip (Barker

et al., 2018). There are several smaller subducted seamounts off the coast of Gisborne located in our
study area (Bell et al., 2010), although the raypath coverage across these seamounts is limited. Seamount

S2 is the largest in the SSE rupture area and the HOBITSS array.

Although most stations have significant mean fast azimuths, temporal variations in these azimuths
are observed on stations EOBS1, 4 and LOBS9 (Figure 5). Stations EOBS1 and EOBS4 exhibit a grad-
ual anti-clockwise rotation in ® during SSE2, starting at ~160° at Julian day 260, decreasing to ~40°
by day 290 and completing a full 180° circuit by returning to ~160° on day 300 (Figure 5). Stations
EOBSI and 4 are in close proximity to the intersection point between seamount S2 and high-amplitude
reflectivity zone H2 and we suggest that their temporal changes are related to SSE2 and the position of

these sites relative to the seamount.

The southernmost offshore station, LOBS9Y, is located on a bend within the slip contours and
shows a clear change in O starting at Julian day 245, 20 days before SSE2 (Figure 5). Calculations
for the Coulomb failure stress change on the plate interface show a large change in stress on the bend
in the slip contours near station LOBS9 (Todd et al., 2018). This change in the fast azimuth at LOBS9
might be a precursory signal, however, the change also coincides with the onset of SSEI, just south of
our study area and before SSE2 (Warren-Smith et al., 2019). We cannot distinguish between a precur-
sory signal or a stress change associated with SSEI, to the south. Additionally, the 20-day moving win-
dows used to plot the Vp/Vg, delay time, and ® are plotted at the center of the window, so any observed
changes could have started 10 days earlier or later. Although the 20-day moving windows obscure the
timing of changes by +10 days, inspection of 1-day moving windows indicates that the change in param-

eters does begin on day 245, 20 days before SSE2.

Crustal stress changes can occur on both a local scale, induced by earthquakes, and regional scale,
caused by tectonic loading. If local and regional stresses are on the same order as, or stronger than that
of structural influences, and Symax is not parallel to the strike of the structure, it is possible to observe
changes in Symax by monitoring temporal changes in @ as it is sensitive to the shape, orientation, and
density of microcracks. Changing fast azimuths on stations EOBS1, 4 and LOBS9 are interpreted as lo-
calized rotations in microcracks due to the stress changes associated with SSEs. The lack of changes in

O at stations that are in close proximity to stations that do exhibit a rotation suggest that stress changes
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at in the crust may be highly localized and channelled by existing fault structures. Local and regional

a72 changes in stress or fluid content can also cause fluctuations in delay times and Vp/Vs.

A. Prior to SSE
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373 Figure 7. Model adapted after Husen and Kissling (2001) explaining fluid flow after the September-October 2014 SSE.

374 Black arrow shows direction of stress along the seismogenic zone. A. Before the SSE rupture, increased stress due to con-
375 vergence between plates. Near-lithostatic pore pressure pressures exist below the permeability boundary. B. After the SSE,
376 permeability seal ruptures and fluids migrate upwards.

a77 Our Vp/Vs value of 1.73 for the catalog, derived from the slope of the Wadati plot (i.e., Ts — Tp

a7 vs Tp for all the combined data), is similar to the Vp/Vs of 1.76 reported by Yarce et al. (2019) and
a79 the values from the 3D velocity of Eberhart-Phillips et al. (2010) which range from 1.75 to 1.80 in our
380 study area. However, our Wadati plot has a Tp intercept of ~1 second (at Tp = 0, Ts/Tp = 1.0s). The
ast ~1 second offset indicates that earthquakes travel through material with different values of Poisson‘s
a8 ratio (Kisslinger and Engdahl, 1973). This is likely caused by slow shear velocity sediments beneath
o83 the seafloor as recently modelled by Kaneko et al. (2019) to explain observations of ultra-long duration
a8 ground motion observed offshore Gisborne during the 2016 Kaikoura earthquake. The material proper-
385 ties and intercept offset impact event-station Vp/Vs measurements as the calculation of individual Ts/Tp
as6 values assumes an intercept at the origin. We therefore obtain increased Vp/Vs from individual mea-

as7 surements, with the median (1.857) larger than the overall catalog Vp/Vs (1.73), from the slope of the

388 ‘Wadati plOt.
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Most offshore stations exhibit a decreasing delay time and increasing Vp/Vs during SSE2 (Figure
5). Because the majority of raypaths travel through the SSE patch, we stack the temporal delay times
and Vp /Vs measurements to help reinforce variations seen at individual stations (Figure 6). Prior to
SSE2, the delay time increases from 0.143s to 0.178s, over ~50 days, while the Vp/Vg decreases from
1.860 to 1.817, over ~15 days leading up to SSE2. The delay time and Vp/Vs change before SSE2
suggests there may be a recognizable precursory signal to SSEs. However, SSEI1, occurring just south
of our study area coincides with the change in Vp/Vs and delay time and could potentially influence
these measurements. We interpret this trend in §¢ and Vp/Vs as changes in differential horizontal stress
that act to change crack aspect ratios and orientations. Differential horizontal stress will preferentially
close the cracks that are oriented orthogonal to the maximum horizontal compressive stress (Sgmax;
Nur, 1971). With increasing differential horizontal stresses, cracks are compressed and become verti-
cally aligned (Crampin, 1981). A ray traveling through vertically aligned cracks will result in maxi-
mum anisotropy and increased delay times (Nur, 1971). This is consistent with our observation of in-
creasing ¢t and decreasing Vp/Vs values before the initiation of SSE2. Gao and Crampin (2006) pre-
viously observed increasing delay times before large earthquakes and also suggest stress accumulation
as a source of the increase. However, they report that following that increase, some stations exhibit a
decrease in delay time, before the earthquakes, suggesting crack coalescence as an interpretation of this
phenomenon. We do not observe a decreasing delay time before SSE2 and suggest stress accumulation
as the main contributor to our increasing delay times before the SSE. Crack coalescence may explain

the decreasing delay time during SSE2.

During SSE2, we observe a decrease in delay time, from 0.178s to 0.139s (Figure 6). The delay
time then returns to a value of ~0.156s over ~50 days. While delay time decreases during SSE2, Vp/Vs
increases, from 1.817 to 1.894, followed by a decrease after the SSE back to 1.833, around Julian day
11, 2015. Previous studies showing similar Vp/Vs changes have suggested that the rupture of a low-
permeability seal along the plate interface driven by large earthquakes (Husen and Kissling, 2001) or
SSEs (Nakajima and Uchida, 2018) could explain the variations. Lucente et al. (2010) reported changes
in Vp/Vs linked to fluid flow across a faulted barrier, and also observed an inverse variation between
Vp/Vs and delay times. A thermomechanical fluid model along 05SCM-04 line in Figure 1 predicts that
significant over-pressures may develop in the subduction interface if a low-permeability (102° m?) seal
is present (Ellis et al., 2015). Recent work by Warren-Smith et al. (2019) using the HOBITSS dataset
suggests that observed fluctuations in retrieved stress ratios inferred from earthquakes may indicate
changes in pore fluid pressure within the subducting crust (below a possible low-permeability seal) that
is related to, or perhaps controls, SSE timing. Shaddox and Schwartz (2019) observe repeating earth-
quakes occurring during SSE2, on multiple upper-plate faults within the fracture network of subducted
seamount S2. They suggest that these earthquakes were triggered by the migration of fluid during the

SSE from over-pressured sediments downdip of the seamount into the upper-plate.
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Similar to Warren-Smith et al. (2019), we suggest that when SSE2 initiated, a low permeability
seal was ruptured, allowing for fluid migration and the interconnection of fluids (i.e., crack coalescence)
that were previously isolated (Figure 7). After the rupture of the permeability barrier, the pressure gra-
dient between possible near-lithostatic pore pressure in the subducting plate/plate interface and relatively
lower pore pressure in the overriding plate induces fluid transfer. The increase in Vp/Vs and decrease
in delay time during SSE2 suggests that an interconnection of cracks allows for fluid transfer upwards
from below the previously sealed, possibly over-pressured subducting plate. This is consistent with pre-
vious analysis of cyclic stress tensors and inferred fluid pressure changes observed from focal mecha-
nisms analysis (Warren-Smith et al., 2019), which suggests a drop in fluid pressure occurring within the
subducting crust during multiple SSEs recorded during HOBITSS. With horizontal differential stresses
decreasing after the onset of SSE2 and with fluids migrating upwards, cracks become rounder and more
randomly oriented, consistent with a decreasing delay time and increasing Vp/Vs. After SSE2, we inter-

pret that the drop in Vp/Vs is due to drainage of fluids from the previously fluid-rich zone.

A similar trend to our delay time and Vp/Vs was observed during the 2009 I’Aquila earthquake
sequence in Italy. Lucente et al. (2010) observed a sudden change in Vp/Vs on several stations after the
largest-magnitude foreshock. They infer that the seal between the footwall and hanging wall was broken
after the foreshock, promoting fluid migration across the fault zone and filling the fractures and cracks
in the hanging wall. A station located above the hanging wall of the fault exhibits a Vp/Vs rising from
~1.8 to 1.85 and decreasing back to 1.83 and a normalized delay time increasing ~15 days before the

ML 4 foreshock and sharply decreasing after the foreshock.

As discussed in the introduction, Husen and Kissling (2001) interpret the increase in Vp /Vs ratios
(over 50 days) following the main shock of the Mw 8.0 earthquake in Antofagasta, Chile as evidence of
post-seismic fluid flow after the rupture of a permeability seal during the main shock of the earthquake,
with near-lithostatic fluid pressures below the sealed boundary (prior to the seal breaching earthquake)
causing fluids to migrate above the rupture zone, into the upper-plate. Nakajima and Uchida (2018) ob-
serve variations in seismic attenuation and seismicity rates with the cyclic occurrence of SSEs in Kanto,
Japan. They proposed that a low-permeability seal surrounding the megathrust fails during SSEs and
drainage saturates the rock above, resulting in increased supraslab seismicity and attenuation in the area
(Nakajima and Uchida, 2018). The break is then resealed by cementation and pore-fluid pressures in
the megathrust begin to increase, eventually leading to the next phase of failure. Our Vp/Vg and delay
time changes support suggestions by Warren-Smith et al. (2019) that a similar process may be at work in

Hikurangi.

Husen and Kissling (2001) report an estimated permeability value of 1071°-10"'7 m?, given a time
period of 50 days between the main shock and the appearance of the high Vp/Vg ratios and a fluid mi-
gration distance of 20 km. Nakajima and Uchida (2018) estimate a permeability of 2-4 x 104 m? for a

time range of 0.2-0.4 years and a fluid migration distance of 5 km, 2-3 orders of magnitude larger com-
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pared to that estimated by Husen and Kissling (2001). To estimate the permeability in the September-
October 2014 SSE (SSE2) region, we use the relation from Townend and Zoback (2000) and modified
by Nakajima and Uchida (2018), k = Snl*/t. Permeability (k) is expressed as a function of time (7),
fluid migration distance (/), specific storage coefficient (8), and dynamic viscosity (7). Given a time of
20 days, in which the Vp/Vs increased during SSE2, a fluid migration distance between 0.5-4 km, based
on the range of depths where the majority of the repeating earthquakes occurred (e.g., 3-7 km depth;
Shaddox and Schwartz, 2019), (8) of 101 Pa’! for low porosity rock, and dynamic viscosity (17) of 10
Pa s, we obtain a permeability between 0.1 x 10" and 9 x 10"'* m?. Such high permeability values
suggest a highly fractured network of cracks in the overriding plate. Despite the slow rupture velocity,
we propose that the September-October 2014 SSE was capable of rupturing enough of the permeability

seal to induce fluid flow, consistent with our observed increase in Vp/Vs.

6 Conclusions

We calculated SWS and Vp /Vj ratios for event-station pairs using local earthquakes recorded, for
the first time, on OBSs located above a shallow, 5-week long, offshore SSE on the Hikurangi subduction
zone. Our findings suggest that spatial variations in fast azimuths are affected by stress and structures in
the region and that stress changes and fluid migration during SSEs are detectable with SWS and Vp/Vs

analyses.

Spatial averaging shows regional stress directions in much of the offshore area, parallel to the rela-
tive plate convergence directions, but with a variation around subducted seamount, S2. This variation is
consistent with fault and fracture patterns created by subducting seamounts observed in laboratory and
field experiments. The resemblance of the fast azimuths to seamount fracture patterns suggests some
structural control through faulting. The upper-plate fracture network above the subducted seamount
is the host of migrating fluids, from over-pressured sediments downdip of the seamount, resulting in a

complicated environment of stress distribution (Shaddox and Schwartz, 2019).

Temporal changes in fast azimuths at individual stations are observed around the time of the main
SSE. Of these stations, EOBS1 and 4, located on the border between seamount, S2, and a high-amplitude
reflectivity zone, H2, show a change occurring during the September-October 2014 SSE (SSE2). We in-
terpret the changes in @ at these stations as a rotation in microcracks corresponding to stress changes
associated with SSEs. The temporal variations in @ at individual stations, along with the similarity of
spatial averaging fast azimuths to structural patterns around the subducting seamount, suggest a com-
bination of stress and structural effects due to the interactions of subducting seamounts with the over-
riding plate. The lack of observed changes at other nearby stations indicate that areas of stress change

can be highly localized and complex.

Temporal variations in Vp/Vs and delay time measurements are observed on individual OBS sta-

tions during the September-October 2014 SSE. Stacking measurements across all offshore stations en-
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hanced our signal and revealed clear opposing trends in delay time and Vp/Vs. The stacked signal also
indicates that the changes may occur over a broad region. Similar to Warren-Smith et al. (2019), we sug-
gest that during the SSE a low permeability seal on the plate interface is ruptured, allowing for the in-
terconnection of fluids. Shaddox and Schwartz (2019) propose that repeating earthquakes observed above
seamount S2 were triggered by fluid migration from over-pressured sediments downdip of the seamount
into the upper-plate during the SSE. The increase in Vp/Vs and decrease in delay time during the SSE
suggests fluid transfer from the subducting plate, below the sealed fault zone. These observations are
consistent with fluctuations in retrieved stress ratios, which indicate changes in pore fluid pressure in

the subducting crust, during multiple SSEs recorded by the HOBITSS experiment (Warren-Smith et al.,
2019). Following the end of SSE2, a decreasing Vp/Vs may indicate the drainage of fluids from the
over-pressurized fluid-rich crust. Our observations support the suggestion that the September-October

2014 SSE may have ruptured a permeability seal, and induced fluid flow.

Our findings show that temporal changes in Vp/Vs, delay time, and fast azimuths are detectable
during SSEs and provide further evidence that fluids and stresses play a significant role in SSE nucle-
ation and propagation. The inverse variation of Vp/Vs and delay time measurements allows distinction
between physical variations and variations in data. We recommend that future SSE monitoring studies
should consider similar network configurations to study events of similar size. Larger regional networks
could help define the spatial extent of observed changes. These results also demonstrate that SWS and

Vp Vs are effective tools for investigating stress changes associated with slow slip.
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