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Slow-slip events at global subduction zones relieve tectonic stress over days to years. Through slow-
slip cycles, high fluid pressures observed at the top of subducting plates are thought to fluctuate,
potentially due to the valving action of an impermeable layer near the plate interface. We model
teleseismic scattering data at the Manawatu deep slow-slip patch at the Hikurangi margin in New
Zealand and find high seismic P-to-S wave velocity ratios, Vp/Vs, in the upper ~5 km of the subducting
Pacific Plate, reflecting sustained elevated fluid pressures that decrease during slow-slip and increase
during inter-slow-slip periods. Within a ~ 3 km thick lower crustal layer of the overriding Australian
Plate, decreasing Vp/Vs during inter-slow-slip periods reflects permeability reduction due to mineral
precipitation. Increasing Vs/Vs during slow-slip reflects increasing permeability and crack density,
facilitating upward fluid transfer through this layer. Our results suggest it acts as a valve to relieve high

fluid pressures in the subducting slab.

Slow-slip events occur from shallow (10-15 km) to deep (30-50 km) depths
on the thrust fault at most subduction zones and release seismic energy
equivalent to M > 6 earthquakes over days to months to years. A common
feature in slow-slip regions resolved by seismic imaging is a seismic low-
velocity layer proposed to indicate the presence of high fluid pressures, or
overpressures, near the plate interface' capped by an inferred impermeable
layer. There is mounting evidence that fluid pressure flux from the over-
pressured slab to the overlying crust occurs during slow-slip events. The
inferences from these studies relate seismic velocity changes'™, attenuation’
or stress changes”® to fluid pressure fluctuations in the bulk of the subducting
oceanic crust and the overriding crust, which support a fault-valve
hypothesis where the impermeable layer gets breached during slow-slip
events, allowing upward fluid (and fluid pressure) redistribution. Reseal-
ing of the layer during inter-slow-slip periods helps rebuild overpressure in
the slab. Structural and petrological investigations of exhumed subduction
thrust material suggest various mechanisms to explain the permeability
changes in this layer, including mineral precipitation’"?, cataclasis” and
metasomatism'’. However, it is important to resolve temporal changes in
physical properties in situ in the layers above and below plate interface in
slow-slip regions to understand how such an inferred impermeable layer
behaves during slow-slip cycles.

P-receiver functions computed from teleseismic earthquakes are
sensitive to the seismic scattering structure beneath a seismograph
and represent the amplitude and delay times of P-to-S wave

conversions and their multiples at velocity discontinuities. Ampli-
tudes of receiver functions are sensitive to the S-wave velocity (V)
contrast across layers. In contrast, delay times of converted phases in
receiver functions are sensitive to the P-to-S wave velocity ratio (Vp/
Vs) and thickness of layers. Receiver functions have been pre-
dominantly focused on estimating static subsurface Vp/Vs models,
which provide evidence for elevated Vp/Vg (>2.0) in slow-slip
regions in multiple subduction zones"*'*'’. Because teleseismic waves
sample the same crustal volume beneath the seismograph with a
quasi-regular temporal resolution provided by the annual global
average of about 1500 M >5 earthquakes, receiver functions have
been used to study time-varying seismic velocity structures caused by
various tectonic®”'® and hydrologic perturbations". However, due to
epicentral distance constraints imposed in receiver function com-
putations, only a subset of the ~1500 annual M > 5 earthquakes can
be used at a single seismograph.

Beneath Vancouver Island in the Cascadia subduction zone, receiver
functions resolve a change in the estimated V contrast of ~0.05-0.10 km s
across the low-velocity layer after slow-slip events®. These statistical infer-
ences represent a bulk change in Vi contrast relative to the slow-slip onset
times but cannot resolve the temporal evolution of these changes above and
below the plate interface. This is because slow-slip events in Cascadia are
relatively short (~10-14 days) and frequent (~14 months), necessitating
receiver function stacking over several events. Capturing the temporal
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variations in seismic velocities above and below the plate interface in slow-
slip regions remains a critical focus for understanding fluid migration
during slow-slip cycles.

In this study, we infer temporal changes in seismic P-to-S wave velocity
ratio (Vp/Vs) above and below the plate interface of the Hikurangi sub-
duction margin near Manawatu in New Zealand, where the Pacific Plate
subducts beneath the Australian Plate (Fig. 1a). Here, deep slow-slip events
occur at depths of ~20-50 km (Fig. 1b) on the subduction thrust every ~5
years and last for ~1-2 years™”". They are, therefore, a perfect candidate for
studying temporal changes in Vp/V; due to their longer periodicity and the
availability of long-term continuous seismic waveform data from the early
2000s from GeoNet, the New Zealand National Seismograph Network™.
We resolve temporal changes in Vp/Vs in the layers above and below the
plate interface that correlate with geodetic displacements across slow-slip
cycles. Our work further illuminates the velocity structure at the plate
interface and how it changes during slow-slip, with implications for global
slow-slip events.

Results and discussion
Overpressured subducting slab at the deep slow-slip zone
We determine a horizontally layered, one-dimensional V5/Vs model of the
subsurface beneath the TSZ broadband seismograph station that sits above
the Manawatu deep slow-slip patch (Fig. 1b) by inverting a linear stack of
radial receiver functions (see Methods). This one-dimensional velocity
model depicts the presence of a ~ 2 km thicklow V, high V/Vgoverburden
layer near the surface, followed by a ~ 18 km thick section with relatively
higher Vs and lower Vp/V, interpreted as the overriding crust of the Aus-
tralian Plate (Supplementary Fig. 1). This overriding crustal layer is
underlain by a ~ 10 km thick section with low Vg and high Vp/Vy, inter-
preted as a low-velocity layer. Beneath it, we resolve a ~ 12 km thick oceanic
crust underlain by an oceanic mantle.

In a subduction zone setting, the assumption of horizontal layering is
invalid, and seismic anisotropy is typically observed”*’. In such cases,
transverse receiver functions will also show energy for teleseismic P-waves

(Supplementary Fig. 2) arriving from back azimuths oblique to the dip
direction of the subducting plate and/or the plunge direction of the aniso-
tropic fabric” . These shortcomings in the horizontally-layered one-
dimensional velocity inversion can lead to misestimated Vp/Vs. Never-
theless, the horizontally layered, one-dimensional velocity model provides a
guide to simplifying a structural model that incorporates dipping layers in
inverting the full set of radial and transverse receiver functions. When we
incorporate dipping layers into the one-dimensional velocity model (see
Methods), we obtain an average V/Vs model that reveals the presence of a
4.8 [-0.9/+ 2.0] km thick dipping layer with a Vp/Vs of 2.69 [—0.31/
+0.28] (Fig. 2, Supplementary Fig. 3), that we interpret as a low-velocity
layer composed of underplated sediments and the fractured upper oceanic
crust of the subducting Pacific Plate. A 4.8 km thick low-velocity layer is
consistent with the combined thickness of the subducting sediments and the
fractured upper oceanic crust revealed from active-source seismic reflection
and refraction data from the southern Hikurangi margin***. Tomographic
images of this region show a more moderate V/V; of about 1.8 and Qy/Qp
(seismic S-wave to P-wave quality factor ratio) ranging from about 0.8 to
1.3”. Compared to receiver functions that are more sensitive to sharp
changes in velocity (e.g. plate interface), tomography smoothes variations in
velocities due to path averaging and smearing effects that may result in mis-
estimation of seismic velocities™’'. Nevertheless, these moderate V/Vgand
Qys/Qp values in tomographic models are interpreted to indicate high fluid
pressure (low effective pressure) and/or high fluid saturation™.

Receiver function imaging studies report Vp/Vy ranging between 2.0
and 3.0 for the low-velocity layers interpreted for Cascadia, Costa Rica,
Japan and Mexico subduction zones at similar depths where slow-slip (also
known as episodic tremor and slip) is observed">'>'°. These high Vp/V are
proposed to result from high fluid pressures sustained in a porous sub-
ducting slab capped by a low-permeability barrier'. Laboratory measure-
ments of ultrasonic (i.e. 1MHz) seismic velocities in foliated
metasedimentary rocks reveal that Vp/Vg > 2 can also be reached for seismic
waves travelling perpendicular to the foliation under fluid-saturated con-
ditions in phyllosilicate-rich metapelitic rocks with aligned, small aspect
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Fig. 2 | Layer interfaces and the V/V profile from
one-dimensional receiver function inversion with
dipping layers beneath TSZ broadband seismo-
graph. The dip angle and dip direction of the dip-
ping layers are indicated. Thicknesses of the layers
(T) are measured beneath the seismograph. Note
that the low-velocity layer includes underplated
sediments and the fractured upper oceanic crust of
the subducting Pacific Plate.
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ratio pores under near lithostatic pore pressures” . Similar high V»/Vs can
also be reached in intensely micro-fractured isotropic rocks under high fluid
pressure conditions at subsonic frequencies (about 1 Hz)*’. Regardless of the
composition of the material or measurement mechanism, it is clear that high
fluid pressures (i.e. low effective stresses) yield high measured Vp/V values.

Temporal changes in receiver function power spectral density,
total power and Vp/Vg at the deep slow-slip zone

Receiver functions can be used to resolve temporal changes in the crustal
seismic velocity structure because they repeatedly (although irregularly;
Supplementary Fig. 4) sample the subsurface at a seismograph from below.
As receiver function amplitudes are sensitive to the velocity contrast across
interfaces, we first investigate temporal changes in amplitude using the
power spectral density of receiver functions along the radial and transverse
directions. Power spectral density represents the power (squared amplitude)
distribution in a waveform across a range of periods (or frequencies).
Therefore, any observed temporal changes in receiver function power
spectral density reflect changes in the seismic scattering structure to first
order. Localising the depth of these changes from the power spectral density
computed from a wide receiver function time window is challenging. We
partially circumvent this by using a time window in the receiver functions
when the P-to-S converted phases are expected at a particular interface (e.g.
plate interface).

Time-lapse analysis of the receiver function power spectral densities at
the TSZ broadband seismograph station, located above the Manawatu deep
slow-slip patch (Fig. 1b), shows systematic changes in the power spectral
density at periods between 0.3 and 0.8 s (~1 and 3 Hz) (Fig. 3a,b). The power
spectral density and the total power computed by integrating the power
spectral density between these periods correlate with the eastward geodetic

displacement at the collocated TAKP global navigation satellite system
(GNSS) station”, which is proportional to the amount of slip on the sub-
duction thrust, through three slow-slip cycles between 2003 and 2023
(Fig. 3a, b). The correlation is most evident during the slow-slip period
starting in 2014. During inter-slow-slip periods, when the geodetic dis-
placement decreases, power spectral density and total power decrease. In
contrast, during slow-slip periods, these trends reverse. As the receiver
function power spectral densities have been computed within a time win-
dow where the direct P-to-S converted phases at the plate interface are
expected (see Methods), they may represent temporal changes in Vp/Vy of
the layers near the plate interface. Similar observations are made at the
short-period seismographs WPHZ and PNHZ above the high slip region of
the slow-slip patch (Fig. 1b) for a shorter time period than TSZ (Supple-
mentary Figs. 5, 6). Receiver function power spectral density and total power
at MRZ, WAZ (broadband) and KRHZ (short-period) seismographs that
are near or outside of the boundary of the slow-slip patch (Fig. 1b) do not
display a correlation with the geodetic displacements at collocated GNSS
stations (Supplementary Figs. 7-9).

To investigate the transient behaviour encompassing the plate inter-
face, we invert the observed changes in total power from radial and trans-
verse receiver function power spectral density at TSZ seismograph
(Fig. 3a, b; see Methods). Model parameters include Vp/Vs in the low-
velocity layer in the subducting plate and the thickness and V/Vg of a lower
crustal layer in the overriding plate (Supplementary Fig. 10). We force these
to vary similarly to the geodetic displacement time series, either positively
or negatively (see Methods for further details). Our results indicate that the
Vp/Vs in the low-velocity layer varies between ~2.6 and ~2.8 with an
opposite polarity to the geodetic displacement (Fig. 3¢, d). The sign of the
correlation suggests that V/V increases during inter-slow-slip periods and
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Fig. 3 | Observed and predicted receiver function (RF) power spectral densities
(PSDs) at TSZ broadband seismograph. Observed receiver function PSDs along (a)
radial and (b) transverse directions. Panels below (a) and (b) show normalised

eastward geodetic displacement at the co-located TAKP global navigation satellite
system receiver station and the observed total power between 0.3 and 0.8 s periods.

Predicted receiver function PSDs along (c) radial and (d) transverse directions for
the best-fit model. Panels below (c) and (d) show Vj/V variation in the low-velocity
layer and the ~3.4 km thick lower crustal layer above it, and the predicted total power
between 0.3 and 0.8 s periods.

decreases during slow-slip periods. Vp/Vgin an estimated 3.4 [—1.9/ 4 0.7]
km thick layer at the base of the lower crust of the overriding plate and above
the low-velocity layer of the subducting plate varies between ~1.6 and ~1.8
(Fig. 3¢,d; Supplementary Fig. 10). This variation has an opposite polarity to
the low-velocity layer beneath it, with Vp/V decreasing during inter-slow-
slip periods and increasing during slow-slip periods.

The optimal temporal changes in Vp/Vy in the low-velocity layer and
the ~3.4 km thick, lower crustal layer above it are within the uncertainties in
the static velocity model (Fig. 1). We test if the optimal temporal changes in
Vp/Vsare statistically significant by bootstrapping 1000 times the Vin these
two layers, computing synthetic receiver functions along radial and trans-
verse directions and estimating the correlation coefficient between eastward
geodetic displacement and total power time series (Supplementary Fig. 11).
The correlation coefficient between geodetic displacement and total power
with the optimum temporal variations in the two layers falls outside the 95%
confidence intervals of the correlation coefficients from the bootstrap
sampling. This suggests that the estimated optimum temporal variations in
Vp/ Vs of the two layers are statistically significant.

Implications for fault-valving during slow-slip

The small temporal changes (£0.1) in the high Vp/V values observed in the
low-velocity layer suggest that high fluid pressures fluctuate slightly but are
mostly maintained during slow-slip cycles (Fig. 3¢, d). This change repre-
sents a fluid pressure drop of <20 MPa based on experimental Vpand Vs for
representative rocks’>*, It is consistent with fluid pressure drops during

slow-slip events in Cascadia’ and the northern Hikurangi® that argue for a
fault-valve action during slow-slip cycles**®. Similarly, V/V;in the ~3.4 km
thick layer in the lower crust and above the low-velocity layer varies between
~1.6 and ~1.8 (Fig. 3¢, d). The lowest Vp/Vs of ~1.6 reached towards the end
of inter-slow-slip periods requires special attention because, in dry, isotropic
rocks, Vp/ Vs typically varies between ~1.65 and 1.8***. Vp/ Vs values as low
as ~1.6 in the lower crust of subduction zone forearcs™"” have been inter-
preted to indicate bulk silica enrichment through sustained quartz pre-
cipitation. In addition, low Vp/V can result from material anisotropy rather
than an unusual composition*'. Experimental and numerical results suggest
that foliation- or crack-induced anisotropy in dry, quartz-rich rocks can
yield Vp/Vs ranging from ~1.5 to 1.7 for both vertically polarised shear
waves (Sy) and horizontally polarised shear waves (Sy) propagating at
directions 0°—20° from the normal to the crack fabric for crack densities
ranging from 0.1 to 0.5". For fluid-saturated anisotropic rocks at low
effective pressure, Vp/Vs increases with increasing crack density and
decreasing crack aspect ratio, with porosity imparting only a second-order
control on Vp/Vg”.

In one end-member scenario, a Vp/Vy increase from ~1.6 to ~1.8
during slow-slip periods occurring within a thin layer kept at constant
fluid saturation can arise from a ~ 10-20° change in the angle between
wave propagation and crack fabric. However, teleseismic P-waves pro-
pagate almost vertically and sample the subducting material orthogonal
(i.e., within 20°) to the slab-parallel shear-zone fabric. Furthermore, we
surmise that the bulk orientation of the cracks or foliation planes does
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not change by more than 5°—10° during slow-slip cycles based on evi-
dence from studies that infer temporal variations in the principal (sub-
vertical) stress axis (03) (ref. 8) during slow-slip events. In a more
plausible scenario, a similar V/Vy increase may arise from a combina-
tion of progressive fluid saturation in dry anisotropic rocks, an increase
in crack density’**® or a decrease in crack aspect ratio’”. A commen-
surate Vp/Vg decrease is associated with fluid de-saturation and a

decrease in crack density due to fault healing.

Conclusions
Our results provide observational evidence of fault-valving action during
slow-slip. In the low-velocity layer, fluid pressure decreases during slow-slip
and recovers between successive events, indicating fluctuations that can
either drive or are a consequence of slow-slip. In the ~3.4 km thick layer in
the lower crust above the low-velocity layer, the interpreted physical changes
that can explain the temporal changes in Vp/Vgimply that (1) during inter-
slow-slip periods, it acts as an impermeable layer (low crack density) that
traps the fluids in the overpressured low-velocity layer; (2) during slow-slip
periods, the permeability of this layer increases due to fault rupture, which
increases crack density and fluid mobilisation from the low-velocity to the
thin layer, reducing fluid overpressure in the subducting slab (Fig. 4).
Furthermore, the inter-slow-slip decrease in Vp/V5 to the low values
associated with silicate-rich rocks is compatible with mineral precipitation-
induced resealing and crack density reduction. Evidence of giant quartz vein
systems in various tectonic settings'*™>** suggests silica precipitation from
transient permeability changes at brittle-ductile conditions' following a
fault-valve model. The pressure and temperature conditions for massive
silica deposition at the base of the lower crust'®'"'>*>* are present in the deep
slow-slip region at the southern Hikurangi margin***’. The magnitude of the
changes in crack density and permeability is difficult to quantify based on
Vp/ Vs variations alone; however, our results suggest that they occur within a
thin layer in the lower crust above the low-velocity layer without the need for
major fluid redistribution within the overriding crust. This might explain
the absence of tremor activity at the Manawatu slow-slip region in the
Hikurangi margin, unlike the Kaimanawa slow-slip region immediately to
the northeast'™"” (Fig. 1b). This layer may behave as the low-permeability
seal in the fault-valve hypothesis that breaches during slow-slip™*** (Fig. 4).

Methods

Receiver function computation

We compute receiver functions by taking the spectral ratio between vertical
and horizontal (radial and transverse) components of ground motion using
the RfPy Python package®”. We use all M > 5 earthquakes that occurred
between the start date of each seismograph until June 2022 and within
epicentral distances between 30° and 90°. As a quality control metric, we
calculate the vertical-component signal-to-noise ratio for each earthquake
within 30-second windows before (noise) and after (signal) the predicted
P-wave arrival time. We perform minimal pre-processing (demean, detrend
and taper) and employ a modified Wiener filtering approach' to regularise
the spectral ratio and reduce the effects of seasonal noise that cause ground
tilting and leakage of the vertical into horizontal components. We identify
and remove outliers in receiver functions based on the robust standard units
of the time series variance calculated over the first 30 seconds. Radial and
transverse receiver functions with a signal-to-noise ratio > 5 dB calculated at
TSZ seismograph and bandpass filtered between 0.1 and 2 Hz are shown in
Supplementary Fig. 2 for visualisation.

Modelling the seismic velocity structure

We employ a two-step process to estimate a seismic velocity profile beneath
the TSZ seismograph. In the first step, we invert the stack of all radial receiver
functions with a signal-to-noise ratio >10 dB and bandpass filtered between
0.1 and 2.0 Hz to estimate a horizontally layered isotropic Vp/Vs model
discretised at 2 km depth intervals from the surface down to a depth of 60 km
(Supplementary Fig. 1). The background Vp model consists of gradually
increasing values from 6 to 8 kms ™' between 15 and 50 km depth. In the

inversion, we set the starting Vp/Vg model to 1.78 for all layers and estimate
Vp/Vs as a function of depth (i.e., 30 parameters to estimate). The corre-
sponding Vs model is obtained by scaling the background Vp using the
estimated V/Vs model. We use a ¥* misfit calculated over the first 25 s of
receiver function lag times in a Sequential Least Squares Programming
algorithm implemented in the SciPy Python library. Synthetic receiver
functions are calculated using a matrix-propagator method implemented in
the Telewavesim® Python package. This software cannot model layer dip but
is computationally efficient for a multi-layered inversion of the subsurface
Vp/Vsstructure. Due to the sensitivity of this approach to the background Vp
and the initial V/Vg models, cycle skipping and local minima, we perform
the inversion 100 times with randomly perturbed background Vp models,
each time setting the initial V/V;to 1.78 in all layers, and re-estimate a V/
Vs model. For each inversion, Vp perturbations within each layer are drawn
from a normal distribution with a standard deviation of 0.2 km s™'. We take
the mean of the ensemble Vp/Vg and V profiles as our final model (Sup-
plementary Fig. 1). The resulting velocity model depicts the presence of
a~2km thick low Vg, high Vp/V; overburden layer near the surface, fol-
lowed by a ~ 18 km thick section with relatively higher Vs and lower Vp/Vg,
interpreted as the overriding crust of the Australian Plate. This overriding
crustal layer is underlain by a ~ 10 km thick section with low Vgand high V/
Vs, interpreted as a low-velocity layer. Beneath it, we resolve a ~ 12 km thick
oceanic crust underlain by an oceanic mantle.

We use this mean ensemble model to guide the generation of a sim-
plified model with fewer layers (and, therefore, model parameters) and re-
estimate an isotropic Vp/V; (or Vi) model that includes dipping layers. We
discretise the model into six major units: overburden, upper crust, lower crust,
a low-velocity layer that comprises underplated sediments and the fractured
upper oceanic crust, lower oceanic crust, and a half-space upper mantle. We
consider the low-velocity layer and oceanic crust as coherently dipping units
and fix their strike and dip to 215° and 20°, respectively, based on the plate
interface model for the Hikurangi subduction margin®. In all crustal units,
including the overburden and the low-velocity layer, Vp is fixed at 6.0 kms
in the upper mantle halfspace, V and Vp/Vare fixed at 8.1 kms ™ and 1.81,
respectively. We search for the V/V; and thickness within all crustal layers
using bounds on parameters derived from the one-dimensional, horizontally
layered seismic velocity model (Supplementary Table 1). We use the
PyRaysum’ Python package to compute synthetic receiver functions because
it can handle layer dip. The misfit function used for the optimisation is
(I-CC), where CC s the sum of the cross-correlation coefficients between the
observed and computed receiver functions along both radial and transverse
components for all slowness and backazimuth values. We perform a global
optimisation using the Optuna™ Python package with 10,000 iterations to
solve for the average thickness and Vp/V of the overburden, upper crust,
lower crust, low-velocity layer and lower oceanic crust (10 parameters to
estimate). Parameter uncertainties are estimated by computing the misfit at
the 95% confidence interval using a y* statistic as defined in Eq. 1. Here df = #
iterations - # parameters = (10,000-10) = 9,990.

2
Misfity, = Misfit, | XZ—;f’ 1)

The overburden, upper and lower crustal layers have thicknesses of 1.9
[—0.2/+0.4], 10.8 [-2.7/ + 2.8] and 11.3 [~2.5/+2.0] km and Vu/Vs
ratios of 2.35 [—0.30/ + 0.24], 1.61 [—0.01/ + 0.07] and 1.67 [~0.07/ + 0.1],
respectively. The low-velocity layer and the lower oceanic crustal layer have
thicknesses of 4.8 [—0.9/ + 2.0] and 7.8 [—2.2/ + 1.4] km and V/V ratios
of 2.69 [—0.31/+0.28] and 1.72 [—0.12/+ 0.13], respectively (Fig. 2,
Supplementary Fig. 3).

Computing receiver function power spectral density and

total power

Power spectral density of raw receiver functions along radial and transverse
directions with signal-to-noise ratio > 2 dB are computed within a time
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Fig. 4 | Conceptual model for the interpreted variations in physical properties
near the plate interface of the Manawatu deep slow-slip patch in New Zealand.
CD crack density, FS fluid saturation, P pore fluid pressure.

window around the lag times when the P-to-S converted phases from the
plate interface are expected. For the TSZ seismograph (Fig. 1b), based on the
plate interface model for the Hikurangi subduction zone™, this time window
corresponds to lag times between 3 and 8 seconds for the direct P-to-S
converted phase. Power spectral density is computed using the multi-taper
method” and resampled in full-octave period averages taken at 1/8 octave
intervals to reduce the variance of the estimates'**. The total power time
series is computed by integrating the power spectral density within the
frequency range of observed temporal changes. For TSZ seismograph, the
period range is between 0.3 and 0.8 s (frequencies from ~1 to 3 Hz) (Fig. 3).

To improve temporal coherency, we stack the computed receiver
function power spectral density in overlapping time bins. However, the
distribution of the backazimuth and the slowness of receiver functions in
each bin can affect the stacked power spectral density. To examine this, we
consider bin sizes of 3, 6,9, 12, 18, 24, 30, 36,42 and 48 months, and overlaps
from 5% to 95% in increments of 5% and determine a distance between event
distribution within the bins and that of the entire dataset. The null hypothesis
is that the distributions are the same. We transform the event distribution to
a lower hemispheric projection using backazimuth and incidence angles
(declination and 90°-inclination for an upcoming teleseismic P-ray). For a
given bin size and overlap, we calculate the mean optimal transport distance
based on the Earth mover’s distance problem® for multi-dimensional dis-
tributions with unequal size between the event distribution within each bin
and that of the entire dataset. The result is a time series of optimal transport
distances for a given combination of window size and overlap (Supple-
mentary Figs. 12a, 13a). However, the meaning of the mean optimal
transport distance value from this analysis is unclear. To mitigate this, we
perform a bootstrap analysis of this process by 1) shuffling the overall event
distribution, 2) repeating the optimal transport distance analysis on the
shuffled distribution using the same bin size and overlap, and 3) calculating
the mean and 95% confidence intervals on the bootstrap distribution (1000
bootstrap samples). We then compare the observed optimal transport dis-
tances and the distribution of bootstrapped optimal transport analysis for
each bin size and overlap. We also show the correlation coefficient between
the observed total power time series along radial and transverse directions
and the eastwards geodetic displacement as a function of bin size and overlap
(Supplementary Figs. 12b, ¢, 13b).

Overall, the observed mean optimal transport distances decrease with
increasing bin size, which is expected because more and more of the entire
event distribution is included within each bin (i.e. they become more similar
to the entire dataset, and the optimal transport distances decrease). For the
TSZ station, up to ~15-18 months, the mean optimal transport distance is
within the 95% confidence interval (Supplementary Figs. 12a, 13a), which
means the observed event distribution (within each window) is a rando-
mised version of the overall event distribution (i.e., the null hypothesis
cannot be rejected). Where they fall outside of the confidence interval, they
are statistically different (i.e., the event distribution within the bins is sta-
tistically different than that of the entire dataset), at which point we cannot

exclude that observed power spectral density correlations with geodetic
displacement are due to the event distribution. The break occurs at
~15-18 months. We note that this break would occur at different bin
sizes for different confidence levels. Furthermore, a bin size >= 18 months
and overlap >= 75% is required to obtain a correlation coefficient >0.7
(Supplementary Figs. 12b, ¢, 13b). Based on these observations, we find a bin
size of 18 months with a 95% overlap optimal that supports a significant
correlation between receiver function power and geodetic displacement
time series. We surmise that shorter bins do not see a high correlation
because the event distribution skews the results. We also note that the 18-
month window corresponds to one-quarter of the recurrence time of deep
slow-slip events here, allowing us to see changes at a sufficient temporal
resolution.

Modelling temporal changes in receiver function power spectral
density and total power

To model the temporal variations in observed receiver function power
spectral density and total power, we start with the simplified seismic velocity
model at TSZ seismograph with five crustal layers accounting for the dip in
the low-velocity layer and the lower oceanic crust (Fig. 2) as the reference,
unperturbed model. To keep the problem tractable, we examine temporal
variations in Vg within two layers bounding the plate interface: the low-
velocity layer and an additional, overriding and dipping layer characterised
by the seismic velocity of the lower crust but of unknown thickness. This
layer (and its time-varying properties) is required to reproduce power
spectral density variations that scale with the observed power spectral
density; models that instead distribute the time-varying properties over the
entire overriding crust do not produce a good match to the observed receiver
functions and their power spectral densities. The time-varying Vg pertur-
bations in these two layers are computed as scaled versions of the normalised
eastward geodetic displacement at TSZ seismograph (TAKP GNSS station),
superimposed on the background seismic velocities, which is justified by the
high correlation between the geodetic data and the total power time series.
The Vg time series are thus forced to follow the same temporal pattern as the
geodetic displacement time series while their amplitude is constrained by
the receiver function power spectral density and total power time series. We
thus estimate three model parameters: the two Vy scaling factors and the
thickness of the overriding lower crustal layer.

Synthetic receiver functions are computed using backazimuth and
slowness values extracted for all observed receiver functions with signal-to-
noise ratio > 2 dB. We calculate synthetic power spectral density and total
power from these receiver functions following the same procedure as above.
We use a misfit defined as the sum of two terms: the anti-correlation misfit
(I1- CC) between observed and predicted total power time series and the
average of the temporal deviation of predicted lag times of each phase (as we
do not observe large temporal variation in phase lag-times in the observed
receiver functions; Supplementary Fig. 4). We perform a global optimisation
using the Optuna Python package™ with 1000 iterations to estimate the
three model parameters (Supplementary Fig. 10). We also estimate the 95%
confidence intervals of the optimal parameters using a y* test (Eq. 1; Sup-
plementary Fig. 10). The optimum Vi scaling factor and the thickness of the
layer at the base of the lower crust are —0.06 +0.02 and 3.4 [—1.9/ + 0.7]
km, respectively. The optimum Vj scaling factor for the low-velocity layer is
0.04 £ 0.01. The Vs time series for the two layers are obtained by applying
the scaling factor to the normalised geodetic displacement time series. These
Vs time series are converted to V/V using the constant Vp of 6.0 kms ™
(Fig. 3¢, d). Time-sorted predicted receiver functions using these optimum
parameters are shown in Supplementary Fig. 4e, .

Data availability

Seismic and geodetic data used in the study are openly available from the
New Zealand National Seismograph Network, GeoNet (https://doi.org/10.
21420/G19Y-9D40; https://doi.org/10.21420/30F4-1A55%x=y). Source data
used for generating Fig. 3 are available from the public repository at https://
github.com/pasansherath/RF_Timelapse_PSD/tree/master/commsenv_{figs.
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Code availability

The receiver function time-lapse power spectral density computation code
can be accessed from the public repository at https:/github.com/
pasansherath/RF_Timelapse_PSD.
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